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Leser-powered  homogeneous  pyrolyele  (LPHP)  has  been  successfully  used  to 
provide  conditions  where  eurfece-eenad.Llve  eubetretee  can  be  Indirectly  heated  b} 
an  Infrared  laser  and  allowad  to  raaet  whlla  ramota  from  potantlally  catalytic 
surfaces.  The  use  of  the  eomperetive  rets  technique  with  LPHP  provides  an  eccur’ 
ate  indirect  temperature  meesurcmant  end  has  made  practical  the  extraction  of 
thensal  decomposition  Arrhenius  perametcre.  A  leeer-heeted,  GC/MS-monlcored, 
Btlrrad-flow  reaction  cell  has  been  used  with  cyclohexane  as  the  Internal 
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ttapcratur*  atandard  to  datavalna  Axthanlua  paranatara  for  tha  hoaoganaoua  gaa 
phaaa  charaal  caeoapoaltlon  of  nitrobanalaa  (NB),  Mta-dlnltrobanaana  (arDIfB), 
para**iiitrotoluaiia  (p-MT),  oxtho-altrotoluana  (o-OT)»  and  2,d*diaitrotoluana  (2»4‘ 
DMT)*  In  all  eaaaa  tha  principal  rata-linltlng  aeap  is  tha  honolpsia  of  tha  Ar- 
MO2  bond.  Tha  naasurad  Arrhanlua  paraaatars  for  honolyais  ranga  from  log  A  ■ 
14.5  to  16*4>  and  from  ■  67.0  to  70.0  keal/nol.  Tha  bond  disaoelation  anar- 
glca  darlvad  from  tha  raaulta  ara  71.4,  73.2,  71.4,  70.2,  and  70.6  kcal/nol,  raa- 
pactivaly,  for  tha  abova  aarlas  of  conpounds* 


Compound 


nltrobanaana 

m-dinltroVmnaana 

p-nitrotoluana 

o'nitrotoluana 

dinitrotoluana 


log  k  (aae^) 


15. 5  t  O.S 

14.5  ±  O.S 
14.9  ±  O.S 
16.4  ±  0.6 
IS. 3  ±  0.4 


6S.2/  ±  1. 7/2.3  IT 
70.0/  ±  2. 1/2.3  IS 
68.2/  ±  2.0/2.3  IS 
67.0/  ±  2. 2/2 .3  IS 
67.4/  ±  1.7/2, 3  IS 


BDB(keal/mol} 


71.4  -I-  2.0 

73.2  2.4 
71.4  +  2.3 

70.2  +  2.S 
70.6  *  2.0 


For  0*^  alona  in  this  aarias,  data  suggaat  tha  axiatanea  of  a  minor  daeoaposl* 
tion  pathway  whosa  products  hava  not  yat  baan  datarmlnad.  This  could  raflaet  tha 
onsat  of  tha  aa-yat  unalueidatad  raaetion  machaaisma  that  donlnata  tha  eondanaad* 
phaaa  raactiona  of  ortho-aubatitutad  nitroaromatiea. 

I 

I 

Tha  IflP  tachnlqua  was  also  uaad  to  asaass  tha  rola  of  C-B  bond  aeission  in 
tha  vary  high  tamparatura  dacompoaition  of  athylbansana.  Contrary  to  a  meant 
auggastion,  initial  C-C  bond  aeiaslon  was  found  to  ba  eomplataly  dominant, 
avan  at  tamparaturas  as  high  as  1500  K. 

Praliminary  raaulta  for  trinitrobansana  and  txinltrotoluana  indieata  that 
dacompoaition  takas  plaea  by  othar  pathways  than  initial  phanyl-M02  bond  aela- 
aion,  and  that  tha  nat  raault  is  daatruetion  of  at  laaat  SOX  of  tha  aromatic 
rings.  Tha  racantly  eomplatad  aolacular>baam  mass  spaettomstrleally  monltorad 
LPHP  systam  will  halp  to  aattla  this  Issua  by  providing  for  diract,  raal-'tima 
obaarvation  of  tha  initial  raaetion  products  for  thaaa  and  othar  vary  loar- 
vapor  prassura  anargatie  sutariala.  Thia  will  provida  an  important  eompla- 
aant  to  tha  GC/MS  monltorad  LPBP  ayatam,  which  will  eontinua  to  ba  usaful  baeausa 
of  its  ability  to  quantitata  eonplax  product  mlxturaa  with  a  vary  wide  dynamic 
datactlon  ranga. 
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ABSTBACT 


l2i««r-poirar«d  honog«ii«out  pyrolysis  (LPHP)  has  bssn  succsssfully  ussd 
to  pcovlds  conditions  vhsrs  surfscs-ssnsitlvs  substrntss  esn  bs  indirsctly 
hsstsd  by  sn  injrsrsd  Isssr  snd  slloiMd  to  rsset  iihlls  rsaots  froa  potsnti** 
slly  estalytie  surf acts •  Ths  usa  of  tha  coaparativa  rats  tachniqua  with 
LPHP  providas  sn  accurata  indiraet  taaparatura  aaasuraaant  and  has  aada 
practical  tha  aztraction  of  tharaal  dacoaposition  Arrhanius  paraaatars*  A 
lasar-haatadi  6C/M8*-aonitorad|  stirrad-flow  raaction  call  has  baan  usad 
with  cyclohasana  as  tha  intamal  taaparatura  standard  to  dataraina  Arrhao- 
ius  paraaatars  for  tha  hoaoganaous  gas  phasa  tharaal  dacoaposition  of 
nitrbhansBna  (NB),  asts'dinitrobansana  (arDHB),  para-nltrotoluana  (p-MT), 
ortho-nitrotoluana  (o-MT)i  and  2,4-dlnltrotoluana  (2,4-DMT)*  In  all  casas 
tha  principal  rata- Uniting  stap  is  tha  hoaolysis  of  tha  Ar-MO^  bond.  Tha 
naasurad  Arrhanius  paraaatars  for  hoaolysis  ranga  froa  log  A  ■  14*5  to 
16.4,  and  froa  >  67.0  to  70.0  kcal/aol.  Tha  bond  dissociation  anarglas 
darivad  froa  tha  rasults  ara  71.4,  73.2,  71.4,  70.2,  and  70.6  kcal/aol, 
raspactivaly,  for  tha  abova  sarias  of  conpounds.^ 

Coapound  log  k  (sac^)  BDE(kcal/aol) 


nitrobansana  15.3  ±  0.5  - 
ordinitrobansana  14.5  t  0.5  - 
p-nitrotoluana  14.9  t  0.5  - 
o-nltrotoluana  16.4  ±  0.6  - 
dinitrotoluana  15.3  ±  0.4  - 


68.2/  *  1.7/2.3  ET  71.4  +  2.0 

70.0/  ±  2. 1/2. 3  ET  73.2  2.4 

68.2/  i  2. 0/2.3  HV.  71.4  +  2.3 

67.0/  ■  2.212, ’i  RT  70.2  +  2.5 

67.4/  ±  V/2.3  RT  70.6  +  2.0 


For  o-NT  alona  in  this  sarias,  data  suggest  tha  axi.  of  a  minor  deconr 

position  pathway  whosa  products  hsva  not  yat  baan  datamaL.  '  I'Siis  could 
raflact  tha  onsat  of  the  as-yet  unalucldaCed  reaction  aachanisms  ii-':  c'uio- 
Inate  tha  condanaad-phase  raactlons  of  ortho-substitutad  nltroaromatlcs. 
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Th«  IfHP  tachalqua  was  also  usad  to  assass  the  role  of  C-H  bond  scis¬ 
sion  in  the  very  high  temperature  decoaposltlon  of  ethylbensene.  Contrary 
to  a  recent  suggestion,  Initial  C-C  bond  scission  was  found  to  be  completely 
donioact,  aven  at  temperatures  as  high  as  1500  K. 

Preliminary  results  for  trlnitrobensana  and  trlnitrotolusns  indicate 
that  decomposition  takas  place  by  other  pathways  than  Initial  phenyl-{)02 
bond  scission,  and  that  the  net  result  is  destruction  of  at  least  SOX  of 
the  aromatic  rings.  The  recently  completsd  molecular-beam  mass  spectronst- 
rically  monitored  IPHP  system  will  help  to  settle  this  issue  by  providing 
for  direct,  real-time  observation  of  the  initial  reaction  products  for 
these  and  other  very  low-vapor  pressure  energetic  materials.  This  will 
provide  an  important  complement  to  the  GG/MS  monitored  LPHP  system,  which 
will  continue  to  be  useful  because  of  ^s  ability  to  quantitate  complex 
product  mixtures  with  a  very  wide  dynamic  detection  range. 
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INTRCAUCTIOtl 


For  May  ytar*,  datarmloatlon  of  tho  initial  ehaaieal  stapa  in  tha 
daeoapoaltion  of  onargatlc  Mtariala  haa  baan  a  goal  that  haa  aludad 
raaaarcharst  During  this  projaet,  tha  laaar-powarad  pyrolysia  taehnlqua 
haa  baan  auccaaafully  davalopcd  and  uaad  to  study  tha  kinatles  and  Mchan- 
ISM  of  tha  homoganaous  daconpositlon  of  aodarataly  low  volatility,  high 
surfaca-aanaitivlty  anargatlc  Mtariala*  Tha  following  tasks  hava  baan 
acconpliahad: 

(1)  Construction  of  tha  saeond  ganaratlon  hMtad-flow- 
call/haatad-inlat-systaw,  GC’^nltorad  lasar-powarad 
hoaoganous  pyrolysis  apparatus  <LPHP-2) 

(2)  Convarslon  of  tha  OC  datactlon  systaa  to  a  GC/HS  systaa 

(3)  Uss  of  lfHP~2  to  dataralna  tha  products  and  Arrhanlus 
paraaatars  for  tha  gas**phasa  tharMl  daeoapoaltion  oft 

nltrobansans 
—  ortho-nltrotoluana 
—  Mta-dinitrobansana 
**-  para**oltrotoluans 
~  2,4-dlnltrotoluaaa 

(4)  Uss  of  IJPHP-2  to  obtain  praliainary  rata  asasuramants  for 
tha  gas-phasa  thanul  daeoapoaltion  of  trlnltrobanssna  and 
trinitrotolusns 

(5)  Usa  of  UPHF'-2  to  study  athylbansana  and  halp  sattla  a 
controvarsy  ovar  tha  products  and  Mchanisn  of  its  vary 
high  taaparatura  daeoapoaltion 

(6)  Dasign  and  eonstruetion  of  a  aolacular-baaa  mss  spaetro- 
Mtrically  dataetad  lasar  pyrolysis  systaa  (LPHP-S)  that 
will  datact  tha  initial  products  diractly,  without  tha 
naad  to  trap  raactlva  spaclas  with  scavangars* 

In  addition,  AFOSR  funding  (now  in  its  first  yaar)  has  allowad  us  to 
supplaaant  thasa  af forts  by  a  parallal  study  focusing  on  nitraalnas*  Thus 
far,  this  work  has  rasultad  in  tha  usa  of  LPHF-‘2  to  obtain  rata  and  product 
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dateralnatioQ  and  prallmlnary  Arrhanlua  paramater  oaaauraaanta  for  dlmath- 
ylnltraalna  and  dlmethylnitroaamlna,  and  la  currantly  balng  uaad  to  tast 
out  tha  nawly  eonatructad  aoLacular-baaa  IJfHP-3  ayataa. 

Raaulta  llatad  undar  Itaaa  (3)  and  (S)  ara  brlafly  auaaarlaad  In  tha 
naxt  aactlon,  and  ara  fully  daaerlbad  in  publiahad  papara,  raprlnta  of 
which  ara  ineludad  aa  Appandicaa  A  and  B.  Tha  report  ineludaa  aoaa  addi¬ 
tional  diacuaaion  and  eoapariaon  of  tha  nitroaroaatie  daeoapoaitlon  raaulta 
with  tha  haatad  aingla-pulaa  ahock  tuba  raaulta  of  Taang.  Tha  report  alao 
praaanta  a  brief  daaeription  of  tha  raaulta  for  diaathylnitranlna  and  tha 
trinitroarooatic  daeoapoaitlon»  aa  wall  aa  a  daaeription  and  diacuaaion  of 
certain  daaign  conaidaratlona  for  tha  aolacular  bean  LPHP  ayataa. 
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RESULTS 


A.  Hoop-  tttd  Di*Nltro  Coapoundgt  P«eoapoitltlon  Via  Sl«pl«  Bond  ScisBlon 

LA««r*povcr«d*hoaog«a«ous  pyrolytit  lu*  b««a  ustd  to  study  ths 

gss-phss«  thsnsl  dseoapotltloa  of  nltrobonsons  (NB),  v-dinltrobonssns 
(m-DNB),  p-nltrotoluoas  (p**NT),  o-nltrotolusno  (o-NT)»  and  2,4’-dlnitrotoluans 
(2,4*‘DNT)  undar  conditions  whaca  surfaca~eatalysad  raaetlons  ara  praeludad. 
Thasa  casults  ara  daaerlbad  In  datall  in  Appandix  A.  Tha  Arrhanlus  paraa»- 
atara  hava  baan  datarainad  by  eoaparativa  rata  aaasuraaants  ralativa  to 
cyelohaxana  dacoaposition  and  tha  doalnant  raaetlon  aaehanlsas  hava  baan 
astablishad*  In  all  casasi  tha  principal  rata^llaiting  stap  la  tha  hoaol** 
ysla  of  tha  Ar-N02  bond*  Tha  aaaaurad  Arrhanlus  paraaatars  and  tha  bond 
dissociation  anargias  for  tha  C<-H02  hava  baan  darivad  froa  thasa  raaults* 

Coapound  log  k  (sac^)  BDB(kcal/aol) 


nltrobanxana 

a-dinitrobansana 

p-nltrotoluana 

o-nitrotoluana 

dlnltrotoluana 


15. 5  t  0.5 

14.5  t  0.5 
14.9  ±  0.5 
16.4  ±  0.6 
15.3  ±  0.4 


-  68.2/  ± 

-  70.0/  ± 

-  68.2/  ± 

-  67.0/  ± 

-  67.4/  1 


1.7/2. 3  RT 
2. 1/2.3  RT 
2. 0/2. 3  RT 
2. 2/2.3  RT 
1.7/2. 3  RT 


71.4  +  2.0 

73.2  ’»•  2.4 
71.4  +  2.3 

70.2  +  2.5 
70.6  +  2.0 


Tha  dascrlption  of  thasa  rasults  in  Appandix  A  Includas  soaa  compar** 
Ison  with  tha  preliminary  rasults  obtained  by  Tsang^  for  tha  three  aonu- 
nitro  coapounds  In  tha  above  list  using  a  heated  singla-pulsa  shock-*tuba 
(SPST) .  Thera  are  eoaplaxities  in  tha  nltrotoluane  dacoaposition  not  dis¬ 
cussed  in  the  short  sibasary  given  above.  These  eoaplaxities  are  respon¬ 
sible  for  some  of  the  differences  between  tha  SRI  rasults  obtained  with 
LPHP  and  the  results  obtained  by  Tseng  with  the  SPST  technique.  It  is 
Important  to  determine  the  extent  to  which  these  differences  merely 
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r«prM«at  •xp«rlB«nCal  scatter  la  elthar  or  both  of  the  aathods»  and  tha 
axtant  to  vhtch  thay  raflact  diffaring  eoapatitlon  botvaen  altarnatlva 
raactloa  pathways  under  sonawhat  different  reaction  conditions*  To  this 
and,  we  hava  coapared  tha  results  and  outllnad  below  tha  various  differing 
expariaental  factors  In  tha  two  axparlaantal  taehnlquas* 

In  trying  to  understand  tha  Implications  of  the  differences  between 
the  SPST  results  and  IPHP  results.  It  is  Important  to  first  understand  tha 
extant  of  the  agraemant.  Tha  absolute  rates  datarmlnad  by  ths  two  techni¬ 
ques  for  nltrobensene  are  In  good  agreement,  differing  only  by  a  factor  of 
1*7  (tG*  at  1200  K  ■  1.3  kcal/mol).  Moreover,  tha  measured  nltrobensene 
Arrhenius  parameters  (for  are  also  very  close.  Tha  axtant  of  this 

agraemant  can  be  seen  in  Figure  1  and  Table  1,  where  the  LPHP  and  SPST 
results  are  compared  for  each  of  the  three  substrates  that  have  so  far  been 
studied  by  both  techniques.  The  figure  offers  an  Immediate  visual  Impres¬ 
sion  of  the  extent  of  agreement.  However,  it  does  not  show  that  the  If  HP 
lasults  are  lowered  by  about  0.1  log  unit  because  tha  bond  scission  reae- 
t>n  vas  slightly  In  the  falloff  under  the  If  HP  conditions,  whereas  the 
SPST  (^ondltlons  (pressure  3  atm  vs*  0.4  atm  in  If  HP)  provided  reaction  at 
the  pressure  limit.  This  factor  Is  taken  Into  account  in  Table  1. 

Note  that  tha  temperature  "calibration"  of  the  abscissa  (the  horlsontel 
location  of  the  dashed  lines)  Is  found  by  taking  the  value  of  t  os  that 
which  makes  the  vertical  distances  to  tha  appropriate  solid  lines  equal  to 
the  dlffereaces  In  the  log  k  values  (columns  2  and  8,  Table  1),  correspond¬ 
ing  to  the  actual  measured  Arrhenius  parameters.  Tha  value  of  x  (10  ^) 
that  produced  tha  correspondence  is  an  "average”  reaction  time  and  an 
"offectlve”  ruactlon  temperature.  That  this  value  of  r  happens  to  agree 
ainoet  exactly  with  the  normal  reaction  time  that  we  commonly  use  and  that 
was  derived  from  the  time  behavior  of  spatially  averaged  Infrared  fluores¬ 
cence  meaauremvvtts  Indicates  that  tha  actual  peak  temperatures  are  not  far 
above  the  "effective."  reaction  temperatures,  l.e.,  the  reaction  does  not 
take  place  lu  •  ikuia.  1  fraction  of  tha  nominally  heated  volume  at  tempera- 
turea  far  higher  than  the  "effective”  reaction  temperature. 

only  are  the  results  for  nltrobensene  In  very  good  agreement,  but 

whe  total  ratet  of  dla appearance  of  ortho-nltrotoluene  (o-NT)  are  also 
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LOG  K  Tr  CYCLOHEXENE 

JA>4814>3A 

FIGURE  1  LPHP  COMPARATIVE  RATE  PLOT  FOR  ArNOi^  DECOMPOSITION 
Dtshtd  linfi  I,  b,  e,  corrMpond  to  SPST  ptrimttiri  from  Ttang. 

(a)  ortho-nltrotoluana  (wa footnota  a  in  Tabla  1 ). 

(b)  nitrobanztna 

(c)  para-nitrotoluana. 
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COHPARISOH  Of  LPHP-  AM  SPST-MRIVED 
lEHFJS  PARAIBTBi^  FOR  ArH02  DECOMPOSITIOM 


ia  raaaonabla  agraasant,  whan  wa  conaldar  chat  cha  LPEP^darlvad  paraaatara 
raflacc  a  fair  aaaa  balanca  (7SZ}  and  cha  SPST-darlvad  paraaatara  raflaet 
Che  racovary  of  aubatantially  laaa  (29Z  to  34Z  ovar  tha  axparlnanCal  canr 
paracura  ranga)  coluana  frooi  Cha  daeo^Maad  o>NT*  [In  both  Cachnlquasi  Cha 
ratio  of  aubtcrata  at  tiaa  taro  to  unraactad  aubatrata  at  tina  t  raqulrad 
for  calculation  of  tha  daeonpoaltioo  rata  eonatant  la  provldad  by  tha 
ratio)  (producta  -f  unraactad  aubatrata) /(unraactad  aubatrata).]  Thua,  with 
both  tachnlquaa  tha  total  rataa  of  dlaappaaranca  of  o**HT  ara  alallar,  but 
dlffarant  aaounta  of  aubatrata  ara  loat  to  tha  aa-yat  unknown  pathway.  Tha 
poaalbla  raaaona  for  tha  dlffarant  dagraaa  of  loaa  ara  dlacuaaad  balow. 

Tha  aoat  pacplaxlng  point  of  diaagraaaant  at  thla  point  la  tha  raac* 
tion  of  para-nitrotoluana  (p-^IT).  Mharaaa  tha  LPHP  raaulta  ahow  p^HTE  to 
raaet  at  ~  2SZ  of  tha  rata  of  NB»  tha  8F8T  raaulta  ahow  tha  value  to  ba 
about  80Z  of  tha  nltrobanaana  rata  (eorraapondlng  to  a  diacrapaney  In 

A 

AG^12oo  tha  two  aubatrataa  of  2.9  kcal/aol).  Thin  diaagraaaant  ia  vary 
putallng  In  light  of  tha  agraaaant  for  MB  and  o*^,  particularly  a  Inca  tha 
aaaa  balancaa  for  p-MI  ara  good  with  both  tachnlquaa.  That  la»  with  o~HT 
and  Ita  avldant  Intaraetlon  batwaan  tha  aathyl  group  and  tha  ortho-aathyl 
aubatltuantt  aoaa  dlffarancaa  ara  not  aurprialng.  With  p**NT|  on  tha  other 
hand,  one  would  have  aspactad  tha  aaaa  kind  of  eonalataney  batwaan  tha  two 
tachnlquaa  aa  waa  aaen  for  MB  Itaalf. 

To  dataroina  whether  cha  p-MT  rata  la  dapraaaad  too  auch  In  tha  LPHP 
raaulta,  or  too  little  In  tha  SP8T  raaulta,  thara  ara  two  other  coapariaona 
that  aay  ba  aade  within  the  aat  of  IPHF  rata  conatanta  reported  here.  Both 
thaaa  coapariaona  Involve  tha  dacoapoaltlon  of  2,4>dlnltrotoluona,  where 
chare  la  both  an  ortho^achyl-aubacltutad  and  a  para-aathyl-aubatltutad  MO2. 

Tha  first  coaparlaon  ia  bat«Man  tha  difference  batwaan  o<*MT  and  p'^lT 
(and  o-NT  and  MB)  absolute  rataa  on  the  ona  hand  and  tha  difference  batwaan 
0-NO2  and  p*'N02  loss  fcon  2,4-DNT  on  tha  other  hand.  Prow  Table  1,  and  tha 
8Z  yield  of  o-MT  from  2,4-DMT,  wa  have: 

Bata  of  P-NO2  loaa  froB  DMT: 

A  log  k.^1200  ~ 

A  log  k,  1200  -  MB)  -  4.08  -  3.17  -  0.92 
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(yield  p-HT 
yield  o-MT 

/  [100  -  81/0.96]  \ 

.  log  y - j  m  1.08 

The  difference  between  or  end  p*4l02  lo>e  ftfoa  2|4-*DMT  ie  greeter  than  the 
difference  between  o^HT  end  MB  end  leae  then  the  difference  between  o^MT 
end  p-NT.  Taken  at  face  value,  theee  dlffareneea  euggeat  either  that 
{methyl  eubatltution  hea  a  aoeewhat  analler  rate-dapreaelng  effect  on  loaa 
of  NOg  fton  a  ring  that  la  already  aubatituted  with  a  aecond  nitro  group, 
or  that  the  nominal  effect  of  para-methyl  eubatltution  ahown  by  the  If  HP 
data  for  p-MT  la  Indeed  aomewhat  (0.4  to  0.5  log  unita)  too  large. 

A  related  comparlaon  la  between  the  rate  of  P-NO2  loaa  from  2,4-DMT 
and  the  rate  of  loaa  of  one  of  the  MOg  groupa  in  m-DNB. 

Bate  of  p-MOg  loaa  from  DNTt 

log  k.^1200  <2**-DMT)  -  log  (  ",  )  .  3.02  -  1.08  -  1.94 

log  k«^i200  P**  ^^2^  *  ~  ^ 

Haro  we  aeo  that  the  rate  of  loaa  of  the  p-NOg  ia  aomwhat  greater  (0.5 
unita)  than  the  loea  rate  for  a  aingle  -MOg  from  m-DNB.  That  le,  aubatitu- 
tlon  of  a  p-methyl  group  onto  n-OMB  actually  caueea  an  increaae  in  the  loaa 
rate  for  the  p-NOg  group.  Thua  the  effect  of  the  aecond  NOg  group  would 
appear  to  be  diluted  by  the  preaence  of  e  methyl  group  ortho-  to  It.  Thue 
theaa  two  attempta  to  determine  whether  the  effect  of  p-methyl  aubatitutlon 
on  MB  la  eonelatent  with  Ita  effect  on  nrDNB  decompoeltion  Indicate  chat 
the  two  rate-retarding  effecta  are  not  additive  (or  Chet  Che  preclalon  of 
rate  meaourement  for  the  minor  pathway  in  2,4-DMT  decompoeltion  la  Inauffl- 
clent  to  make  the  comparlaon  reliable).  In  either  caae,  the  data  now  In 
hand  do  not  provide  a  check  on  the  magnitude  of  Che  rata-dpreaalng  effect 
of  p-nethyl  eubatltution. 
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Not*  that  tha  apparant  lack  of  additivity  dlaeuaaad  abova  for  two 
retarding  affaett  is  la  contrast  to  tha  additivity  danonstratad  (Appandlx  A) 
for  tha  ratarding  affact  of  ■-HO2  substitution  and  tha  acealarating  affaet 
of  e-Mthyl  substitution*  Tha  quastion  of  tha  affact  of  p>«athyl  substitu¬ 
tion  on  MB  can  ba  sattlad  by  parforaing  coapatitiva  daeoaposltion  axparl- 
aants  with  a  aixtura  of  MB  and  P-MO2  (or  with  a  alxtura  of  p-^  and 
2,4-DMT,  sines  eoapatitiva  aaasuraaants  with  2,4-DMT  and  o-MT  hava  already 
baan  parforaad)* 

To  help  dataralna  tha  origin  of  tha  diffaraneas  diseussad  abova,  Tabla  2 
lista  tha  raaetion  conditions  provided  by  tha  LPBP-2  toehniqua  and  tha 
singla-pulsa  shock  tuba  as  used  by  Tseng*  Tha  principal  apparent  diffar¬ 
aneas  ralata  to  tha  diffarant  raaetion  tinas  or  dwal]  tinas  and  tha  graatar 
variations  of  tsaparatura  with  tlaa  and  spaea  in  tha  If  HP  taehnlqua*  The 
posalbla  affacts  of  thasa  diffaraneas  era  brlafly  diseussad  balow*  Tha 
errors  resulting  from  antleipatad  tanparatura-tlna-spaea  inhonoganaitiaa 
are  fully  discussed  in  Bafaranea  1,  where  tha  davalopnant  of  tha  technique 
is  daserlbad,  and  In  Bafaraneas  3,  share  other  authors  also  address  tha 
application  of  tha  conparatlva  rata  sathod  to  a  aonlsothanal  laser 
pyrolysis  technique ,  and  in  rafaranea  4* 

Tha  first  obvious  diffaranea  is  that  la  the  pulsad-lasar  LPHP,  a  total 
raaetion  tine  slnllar  to  the  1  ns  of  the  8PST  is  obtained  by  nany  heatings 
(typically  30  to  50)  of  about  10-|ia  duration  each*  Tha  initial  LPHP  cool¬ 
ing  rata  is  >100  K/IO  ^s  versus  <  10  K/10  ps  for  tha  SPST*  In  a  situation 
where  active  Intamadlatas  reaaln  hoc  for  only  1/100  of  tha  tins  that  they 
do  in  tha  SPST,  one  night  expect  sons  diffaraneas  in  the  behavior  of  these 
intamadlatas.  However,  this  diffaranea  does  not  seen  to  explain  tha  par¬ 
ticular  diffaraneas  seen  in  the  o-NT  behavior,  because  a  phenyl  radical  is 
not  easily  deeonposed,  and  since  production  of  o-nethylphanyl  radicals  by 
another  route  in  the  SPST  leads  axcluslvaly  to  foraation  of  toluene  as  the 
final  product.^  Thus,  the  greater  loss  of  daconposad  o-NT  in  tha  SPST  is 
not  easily  attributable  to  sons  high  tenperatura  daconpoeltlon  pathway  for 
mathyl  substituted  phenyl  radicals,  but  appears  to  reflect  tha  fact  that 
70Z  of  tha  reaction  under  those  conditions  never  involves  formation  of  Che 
phanyl  redicsls. 
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T«bl«  2 


COMPARISON  OF  LASER  PYROLYSIS  AMD  SHOCK-TUBE  REACTION 
CONDITIONS  F(»  MXTROAROMATXC  DBC0MP08XTX0N 


Pftraa«t«r 


SP  Shock  Tub* 


Racetlon  ttaptratur* 
Raacclon  tlo* 

Bath  gas 

'^tot 

Substrac*  partial 

praaaura 

Scavangara  uaad 

Scavangar  partial 

praaaura 

Xoitial  cooling  rat* 
Scavanging  conditione 


EatiMtad  acavanging 
lifatia*  for  phanyl 
radical*  (with  o-F-toluana) 


1100-1300  K 
~10  pa 

(x  30  pulaaa) 

COj 

300  Torr 
~  0*03  Torr 

o-f luorotoluana , 
cyelopantana 

Torr 

>  100  K/10  pa 

10  pa  at  paat  T> 
iMaaurad  ovar 
T  rang*  800-1200  K 

~2  X  10*3  a 


-1000  pa 


3  Ata 
Torr 

o^fluorotoluana 

cyelopantana 

~30  Torr 


<  10  K/10  pa 
~1  aa  at  paak  T 


"•2  X  10’^  a 


The  sccoad  obvious  difforsocs  bottrssn  LPBP  sad  SFST  rssetlon  condi¬ 
tions  is  rslstsd  to  ths  rseognlssd  tsopsrsturs  Inhoaogsnsltlss  In  ths  LPV 
tsehnlqusi  those  suggest  that  s  signifleent  portion  of  the  reeetlon  tskes 
piece  St  tenperatures  sonewhst  higher  then  the  noninel  peek  tenpereture. 
(Hote  that  even  If  the  laser  Intensity  wore  constant  across  the  entire 
bean,  cooling  by  an  axially  aynnacrlc  expansion  wave  travollng  Inward  from 
the  periphery  of  the  laser-heated  cylinder  of  gas  results  In  reaction  tines 
ranging  from  sero  at  the  periphery  to  the  transit  tine  to  the  axis  for  aol- 
ecules  located  on  the  axis*  This  neane  that  definition  of  the  "average" 
reaction  tins  as  that  transit  tine  will  result  In  a  nonlnal  reaction  een- 
perature  sonawhat  lower  than  the  actual  peak  tsnperature>  (In  the  current 
case,  this  difference  asMunts  to  about  SO  K>)  rurthemore,  any  Oausslan 
distribution  or  Inhonogeneltles  In  the  laser  bean  nay  naan  that  the  actual 
peak  tenperature  Is  even  further  above  the  nonlnal  peak  tenpereture*  As 
restated  above,  error  analyses^ show  that  the  conparatlve  rata  technique 
acconnodates  such  variations  very  well,  as  long  as  the  tenperature  standard 
has  a  tenperature  dependence  close  to  that  of  the  substrate,  and  the  frac¬ 
tional  reaction  of  both  substances  Is  kept  below  about  2SX  (per  pulse,  la 
the  heated  sons)*  However,  in  the  event  that  deconposltlon  of  the  unknown 
proceeds  by  two  conpetltlve  pathways  having  different  tenperature  depenr 
dence,  then  functioning  of  the  If  HP  systen  at  tenperatures  significantly 
higher  (say  100  to  ISO  K)  than  the  nonlnal  peak  tenperature  could  result  in 
correct  detsmlnatlon  of  the  tenperature  dependence,  but  for  a  sonewhat 
different  branching  ratio  than  would  be  seen  by  a  SFST  operating  in  a  lower 
tenperature  range*  In  discussions  with  Tseng,  this  was  suggested  as  a  pos¬ 
sible  explanation  because  ths  SFST  ness  balance  for  o-NT  Increeses  fron  29X 
at  ths  low  end  of  the  tenperature  range  to  34X  at  the  upper  end* 

The  above  explanation  nakes  qualitative  sense,  but  seens  quantita¬ 
tively  unlikely  for  the  following  reasons t 

(1)  The  real  LFHF  tenperature  range  would  have  to  be  very  nuch 
higher  to  push  the  nass  balance  fron  34Z  to  70X* 

(2)  The  tenperature  range  covered  by  each  of  the  two  techniques 
Is  already  nore  than  100  R  (In  the  range  lOSO  to  1250  K)  • 


11 


(3)  Th«  actual  LFHP  paak  tamparatura  cannot  axcaad  about  1500  K 
without  the  production  of  algnlficant  amounts  of  F  atoms 
from  the  Infrared  absorber  (the  effects  of  which  are  not 
seen  in  any  of  these  experiments). 

The  above  detailed  dlscueelon  Is  included  in  thle  report  becauee  we 
asBume  that  delineation  of  the  faetora  reeponelble  for  the  differing  eon- 
tributlona  of  the  "unspecified**  process  in  these  two  eyetema  will  be  an 
Important  clue  to  the  nature  of  the  proceea,  and  to  the  pathological 
behavior^  of  certain  nitroaronaties  that  haa  myatifiad  ehemista  for  some 
time. 

I 

However,  this  discussion  should  not  detract  from  the  central  point— 
namely,  that  the  LPUP  and  the  SPST  results  are  in  substantial  agreemant  on 
several  aspects  of  nitroaromatic  decomposition.  First,  the  total  decompo¬ 
sition  rate  constants  measured  in  the  two  systems  are  very  similar  for  both 
nitrobenssns  and  ortho-nltrotoluene.  Second,  a  substantial  portion  (70X 
and  30Z,  respectively)  of  the  o-MT  decomposition  has,  for  the  first  time, 
been  shown  to  take  place  through  a  "normal"  phsnyl-N02  scission  when  con¬ 
strained  to  react  in  the  gas  phase  in  the  absence  of  solid  aurfaesa  and  eon- 
dsnssd  phases.  Third,  even  under  the  "surface-free"  conditions  provided  by 
each  technique,  a  significant  part  of  the  ortho-nltrotolusns  reaction  (2SX 
and  70Z,  respectively)  takss  place  through  an  as-yst  unspecified  process. 

B.  Trinitro  Conpoundst  Decomposition  to  Yield  Low  Molecular 

Weight  Products 

Using  as  background  the  measured  decomposition  pathways  and  rates  of 
mono-  and  dinitrocompounds  discussed  above,  we  conducted  preliminary  studies 
<^f  the  decomposition  of  trinitroaromatics  using  the  GC-monitored  laser 
pyrdvsis  syetam  (LPHP-2  described  in  detail  in  Appendix  A  and  raferenca  1) . 
Preliminary  results  indicate  that  the  decomposition  rats  of  TNT  is  similar 
to  that  for  o-nitrotoluens.  The  «urprising,  cr**  as  ye."  'uiaxplain^ J,  rasult 
is  that  gas-phase  decomposition  of  TNT  does  not  produce  any  2,4-DNT,  the 
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•xpaettd  product  of  loos  of  one  of  tho  ortho~nltro  tvoupi  followod  by  oca** 
vongiog  of  th«  2,4-dinltro  radical  thus  produced. 


Thia  raault  appllaa  vhathar  or  not  a  aeavangar  la  praaant.  Mot  oaly  la  DMT 
abaanti  but  alao  thara  ara  no  producta  in  tha  boiling  point  ranga  of  althar 
■oao>  or  dl-nitro  eonpounda*  What  «a  do  aaa  ara  products  aluting  in  tha 
vicinity  of  C2  or  C3  hydrocarbons,  and  such  products  account  for  at  laaat 
50%  of  tha  dacoaposad  INT. 

Maas  apactral  identification  of  thasa  products  haa  thua  far  baan  hind- 
arad  by  lialtad  intanslty  of  tha  product  aignala  and  an  interfering  back¬ 
ground  at  low  naas  ariaing  from  tha  large  eieess  of  8?^  and  C02»  which  elute 
in  the  aaae  vicinity.  The  produete  night  be  acetylene  derivativee  resulting 
from  destruction  of  the  aronatie  ring*  Thasa  could  be  produced  by  high  tan- 
perature  deconposition  of  adsorbed  (and  infrared  abeorbing)  naterials  on  the 
KCl  windowe.  Experiments  ere  pending  to  test  this  and  other  poaaibilities, 
and  thua  an  extansive  discussion  is  preaature.  Bowevar,  because  reaction  at 
(or  on)  the  window  surfaces  is  tha  one  possibility  for  heterogenous  reaction 
that  tha  LPHP-Z  systea  does  not  preclude,  that  possibility  must  always  be 
kept  in  mind.  Therefore,  we  consider  balov  soaa  factors  indicating  that 
reaction  at  the  window  surfaces  is  unimportant. 

The  first  factor  cLut  co  nake  window  reactions  unimportant  is 

that  reaction  times  on  the  order  of  10  pa  are  much  shorter  than  diffusion 
tines  to  ths  reactor  windows  for  all  but  that  portion  (~  IX)  of  tha  reac¬ 
tants  in  ths  laser-haatad  region  closast  to  the  windows.  In  addition,  the 
windows,  because  of  their  low  absorption  and  high  heat  capacity,  are  very 
cold  compared  with  the  gas  phase  reaction  temperature.  Thus,  If  the  bulk  of 
the  substrate  residing  in  the  region  ewept  out  by  the  laser  beam  is,  in 
fact,  in  the  gae  phase,  then  it  ie  probable  that  the  deconposition  occurs 
entirely  in  the  gas  phaea.  Even  if,  in  the  case  of  a  low  volatility  sub- 
atrate  like  TNT,  there  is  an  equal  amount  of  substrate  residing  on  the 
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windows  as  in  ths  gas  phasa,  and  avan  if  its  axtinetlon  coafflelant  at  10.6  pm 
wars  high  anough  to  hast  it  to  raaetion  tanperatura,  good  tharnal  contact 
with  tha  bulk  KCl  would  anaura  a  haac  loss  rapid  anough  to  pravant  raaetion 
of  tha  adsorbad  iMlaeulas. 

An  axeaption  to  this  ganaralisation  could  occur  if  a  char  coating 
forms  on  tha  KCl  surfacsi  which  is  IR-absorbing,  and  furtharmora  is  not  in 
good  tharmal  contact  with  tha  surfaca.  In  this  avant,  any  substrata 
adsorbing  on  this  char  could  wall  ba  haatad  to  tamparaturas  of  2000  K. 

Such  tsmparaturas  could  ganarata  acatylana  darlvativas  from  many  diffarant 
organic  substratas.  To  assass  tha  potantlal  Importanca  of  this  soda  of 
surfaca  raaetion,  it  is  halpful  to  considar  tha  tima  dapandanca  of  any  char 
formation  on  tha  windows.  Our  obsarvations  support  tha  axpaetation  that 
tha  formation  of  such  carbon  daposits. on  tha  windows  is  an  autoacealaratory 
procasst  tha  biggar  tha  carbon  particlas  ara,  tha  mora  substrata  and  light 
thay  can  adsorb,  tha  longar  thay  stay  hot,  and  tha  fastsr  thay  will  grow. 

In  tha  casa  of  tha  mono-  and  dinltro  aromatics,  thsra  was  no  problam 
with  carbon  daposits.  Such  daposits  would  somatimas  fora,  but  only  as  a 
small  sida-raaction  and  only  aftar  waaks  of  continuous  usa  of  tha  systam; 
mora  importantly,  data  takan  shortly  bafors  tha  lassr  hasting  of  tha  carbon 
particlas  bacama  vislbla  to  tha  naked  aya  showad  tha  sama  products  and 
rates  as  data  taksn  waaks  aarllar.  Givan  tha  autoacealaratory  natura  of 
tha  carbon  fomaclon,  this  strongly  suggasts  that  naithar  sat  of  data  was 
significantly  Influancad  by  raactlons.  In  tha  east  of  TNT,  tha 

carbon  daposits  form  iit;>ra  roadlly  than  the  mono-  and  dinltrotoluanas, 
but  the  exclusive  production  of  light  products  Is  «  result  that  appears, 
navarthalass,  to  ba  Independent  of  tha  time  ramalnlng  before  earti-v.  Cuiiua-’- 
tlon  is  visible. 

A  particular  characteristic  of  nitro-phsnyl  radicals  that  could  lead 
to  secondary  pyrolysis  on  tha  windows  is  an  initial  fomacio  >  of  vola¬ 
tile  products  than  otherwise  expected  from  an  initial  phanyl-N02  scission; 
this  occurs  because  of  tha  tendency  of  tha  radicals  thus  formed  to  add  to 
tha  aromatic  system  of  a  potantlal  scavenger  rather  than  to  abstract  bansyllc 
hydrogens.  Literature  data^  show  that  In  solution  this  tendency  increases 
as  the  number  of  NO2  groups  on  the  phenyl  ring  increases .  In  the  casa  of 
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TMT,  this  would  rssult  in  ths  Initially  fornad  2,4-dlnltrophanyl  radical 
adding  to  toluans  to  produce  a  dlnltroblphanyl  spaclas. 


Wharaaa  TNT  has  sufficient  volatility  to  remain  largely  In  the  vapor  phase 
under  LPHP^l  conditions,  the  biphenyl  derivative  would  have  substantially 
lower  volatility.  (In  the  absence  of  any  added  scavenger,  the  Initially 
formed  radical  could  add  to  TUT  Itself  to  produce  a  tetrar  or  penta-nltro 
biphenyl  derivative.  If  these  additives  were  preferentially  adsorbed  on 
the  KCl  surfaces  Irradiated  by  the  laser  rather  than  on  the  larger  area  of 
nonrwindow  surfaces  In  the  cell),  further  pyrolysis  In  subsequent  laser 
pulses  could  account  for  tha  good  yield  of  light  products. 

To  determine  the  possible  Importance  of  this  addition  mode  of  scaveng¬ 
ing,  we  used  cyelopentane  rather  than  toluene  as  a  scavenger,  (tio  addition 
Is  possible  with  cyclopentane.)  Cyelopentane  functions  as  a  scavenger  as 
Indicated  below  and  provides  no  aromatic  system  to  which  a  product  radical 
could  add. 


*  O 


vnian  TNT  was  pyrolysed  in  the  presence  of  a  large  excess  of  cyelopentane, 
tha  same  low  molecular  weight  products  were  observed.  Thus,  radical  addi¬ 
tion  to  scavenger  molecules  does  not  appear  to  account  for  the  absence  of 
volatile  products  from  the  deconposltlon  of  TNT.  Furthermore,  the  complete 
tbiitiinre  of  heavy  products  In  the  presence  of  a  large  excess  of  cylcopantane 
a:vtpuAr  to  Lule  out  oay  chance  that  dlnltrophenyl  radicals  add  to  TNT 
Itt  '-'If.  '.-tii'.h  self-addition  recce )  .'c  are  suggested  by  the  fact  that 
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eottd«nscd~phM«  THT  dacoapoaltlon  It  vtll  known  to  rttult  in  fornttlon  of 
ntttrlalt  dttcribtd^*  at  "azplotlva  eoka***  This  eltarly  Indicatat  a 
tandtncy  of  tona  iattmadlataa  to  undargo  addition  raactiona. 

On  balanca,  it  doaa  not  appaar  that  tha  failura  to  tea  producta  in  tha 
aolaeular  valght  ranga  of  OUT  ia  naraly  a  raault  of  our  inability  to  aeav- 
anga  tha  initially  fonMd  radical.  Thla  eoneluaion  la  aupportad  by  tha 
indicatlona  (aaa  Appendix)  that  although  o^NT  undargoaa  phanyl-NOj  bond 
tclaaion,  o4n  Itaalf  la  vary  naar  a  thraahold  for  a  ehanga  in  reaction 
nachanlaa.  Thua,  it  la  poaaibla  that  tha  initial  aariaa  of  rapid  gaa-phaae 
raactiona  itaalf  raault  in  tha  daatructlon  of  the  aroMtie  ring  of  TMT  and 
tha  fomation  of  low  aolaeular  weight  producta*  Wa  addraaaad  tha  quaation 
of  tha  role  of  tha  aathyl  group  in  tha  axelualva  formation  of  low  boiling 
producta  by  carrying  out  tha  daconpoaitlon  of  liStS-trinitrobanaana  under 
tha  aaaa  conditiona  uaad  for  TMT*  Only  producta  boiling  in  the  vicinity  of 
G-2  and  0-3  hydrocarbona  ware  obaarvad»  indicating  that  a  atruetura  having 
tha  aathyl  group  flanked  by  two  NO2  groupa  ia  not  naeaaaary  for  facile 
daatruction  of  tha  aromatic  ring* 

In  auaaary,  tha  preliminary  raaulta  obtained  for  TMT  and  THB  do  not 
clearly  indicate  why  thara  are  no  producta  traceable  to  initial  phanyl-M02 
aciaaion*  Although  tha  eonaidarationa  dlaeuaaad  above  auggaat  that  tha 
light  TMT  producta  are  not  tha  raault  of  aurfaca  reaction,  dafinitiva  avi- 
dance  one  way  or  tha  other  la  naadad*  To  anawar  thla  quaation,  wa  triad 
raialng  tha  call  tamparatura  to  tha  200-220*0  limit  of  tha  viton  o-ringa 
and  eovaring  the  laaar  beam  porta  with  a  aacond  aat  of  RCl  windowa  to  mini** 
aiaa  convactional  cooling  of  tha  call  windowa*  Thaaa  ehangaa  raaultad  in 
no  change  in  tha  TMT  raaulta  (l*a*,  no  obaarvation  of  volatile  producta 
having  an  Intact  phenyl  ring)*  Thla  doaa  not  rule  out  loaa  of  vapor-phaaa 
producta  to  tha  valla  followed  by  laaar-lnducad  raactiona  on  the  window 
aurfaca,  but  aaraly  Indlcataa  that  if  any  aueh  abaorption  aaquanca  vara 
taking  place,  removal  of  tha  vapor-phaaa  producta  from  tha  call  waa  not 
even  coapatitiva  with  loaa  by  adaorption. 
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W«  plan  to  taka  additional,  nora  datailad  approachaa,  including 

(1)  Uaing  a  longer  path- length  cell  and  abort  focal  length 
airror  to  bring  the  laaer  beam  into  the  cell,  with  an 
intenaity  aufficiant  to  eauae  reaction  only  at  the 
beam  waiet;  thia  will  occur  in  the  center  of  the  cell, 
remote  from  the  windowe* 

(2)  Uaing  a  longer  path-length  cell  and  additional  KCl  "vindowa" 
inaide  the  cell  to  teat  the  effect  of  additional  KCl  aurface. 

The  behavior  of  the  trinitro  compounda  emphaaisaa  the  value,  aa  a 
complementary  technique,  of  a  moleeular-baata-aampled  veraion  of  LPHP,  where 
contact  with  reactor  aurfacea  ia  precluded  not  only  during  reaction  but 
alao  before  reaction,  after  reaction,  and  during  datactlon* 

C.  Conatructlon  of  a  Holeeular  Beam  Sempling-Leaer  Pyrolyaia 

Apparatua  (LPHP-3) 

1.  Vacuum  Syatem 

The  molecular  beam  (MB)  laaer  pyrolyaia  ayatem  ia  conatructed  of  304 
atalnleae  ateel  with  two  differentially  pumped  chambera  plue  a  beam  dump 
ayatem,  coupled  to  three  oil  diffusion  pumpa,  each  with  Freon-refrigerated 
baffle  (Figure  2)«  The  two  firat  chambers  are  each  evacuated  by  a  2400  L/s 
(nominal)  NRC  pump,  the  beam  dump  by  a  800  L/a  CEC  pump«  The  pumps  can 
be  isolated  from  the  chambers  by  three  pneuoutlc  gate  valves,  automati¬ 
cally  activated  if  overpressure  or  cooling  shutdown  la  detected.  Bach  pump 
has  its  own  forelina  mechcnical  pump;  foraline  pressures  are  monitored  by 
thermocouple  gauges.  The  second  differentially  pumped  chamber  conteins  an 
Extranuclear  Laboratories  4-324-9  quedrupole  mesa  spectrometer  (QMS)  with 
electron  impact  lonixatlon  and  perpendicular  beam  axis  disposition.  The 
mass  range  in  1-50  or  1-400  amu,  depending  on  the  high  Q-heed  uaed<  The 
poaitlon  of  the  QM!.)  ift  adjustable  from  the  outside  by  three  screws  and  a 
bellows  suspension.  (.<'•  cucreut  can  be  detected  either  by  a  channeltron  or 
by  a  simple  Faraday  cup.  The  beam  dunip,  placed  after  the  QMS,  should  col¬ 
lect  and  trap  the  residual  beam,  in  order  to  decrease  the  prasaure  in  the 
QMS  chamber.  The  entire  pumping  system  can  be  degassed  by  heating  up  to 
200*C.  The  chamber  pressures  are  monitored  with  one  ion  gauge  and  one 
thermocouple  gauge  per  chamber,  with  a  fourth  ion  gauge  above  the  bsfiric  of 
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pump  No.  2  (QMS  chmmbor) .  Th«  ultimmt*  prmtsur*  (with  no  b«am)  la  on  tha 
ordar  of  2-‘3  x  10~^  torr  in  aach  chambar.  Tha  ayatam  haa  baan  daalgnad  to 
oparate  with  ganaratlng  praaauraa  up  to  100  torr  in  tha  flow  call  whan 
aqulppad  with  a  noaala  with  a  200- poor if lea. 

2.  Flow  Call  Oparatioo  and  MB  ganaration 

A  aklnmar  (alaetroforaad  nlekal,  Baam  Dynamica,  Minnaapolla*  MN)  with 
200-|jm  dlamatar  at  tha  throat  la  uaad  aa  tha  auparaonie  divargant  noaala, 
with  axponantial  axpanaion  walla.  Tha  elaaaleal  aklnmar  axtracting  tha 
eantral  portion  of  tha  baam  haa  an  input  dlamatar  of  200  |im.  Both  tha  noa- 
ala  and  tha  aklnmar  hava  attack  adgaa  of  laaa  than  5-)m  thieknaoa.  Tha 
dlatanca  batwaan  tha  noaala  and  tha  aklamar  antriaa  can  ba  variad  from  a 
faw  millimatara  up  to  20  am  by  axtamal  adjuatmant  of  a  mlcromatar  acraw. 

Tha  noaala  to  ionlaar  dlatanca  la  21  cm*  Bacauaa  of  tha  naeaaaity  to  maldr 
tain  fraa  aceaaa  to  tha  laaar-haatad  ragion  in  front  of  tha  noaala,  thla 
ragion  could  not  raadlly  ba  uaad  aa  a  chambar  for  tha  firat  ataga  of  dif- 
farantial  pumping.  Thla  nacaaaitatad  a  firat  chambar  of  aoma  10-em  thlek- 
naaa,  and  togathar  with  tha  croaa-axla  oriantation  of  tha  quadrupola  (naadad  to 
avoid  dapoaltion  of  low  vapor  praaaura  matarlala  on  tha  quadrupola  roda), 
dictated  tha  total  aourea  to  ionlaar  dlatanca.  Aa  a  eonaaquanca,  tha  vacuum 
ayatam  waa  daalgnad  for  maximum  flaxlbllity  and  to  achlava  low  background. 

For  Inatanco,  ahould  it  ba  daairabla,  tha  third  chambar,  now  daaignatad  aa 
tha  baam  dump,  can  ba  uaad  to  provide  a  aaparataly  pumped  chambar  for  tha 
quadrupola  and/or  to  provide  for  axial  placanant  of  the  quadrupola  head. 

The  flow  call  la  a  machined  aluminum  block  gaa  mixing  chambar,  where 
SFg,  buffer  gaa,  and  active  material  are  mixed  Juat  before  rha  noaala. 

Figure  3  ia  a  achamatlc  drawing  of  tha  flow  call;  Figuroa  4  and  3  are  pho- 
tographa  of  tha  vacuum  chamber  with  tha  flow  call  aaparatad  from  tha  front 
plate  by  aavaral  inchaa,  revealing  tha  noxale;  and  Figure  6  ia  a  photograph 
of  tha  front  plate  of  the  vacuum  chambar  with  tha  noaale  and  ita  mounting 
plate  removed,  revealing  tha  movable  akimmer  behind  it.  The  cell  tampara- 
ture  can  ba  maintained  conatant  to  within  -f  0.3*C,  ao  as  to  maintain  a  con¬ 
stant  vapor  praasure  of  nitramina  or  other  substrate.  Tha  present  limit  on 
the  flow  cell  temperature  is  set  by  use  of  vlton  o-ringe,  but  this  can  ba 
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FIGURE  3  SCHEMATIC  DRAWING  OF  MACHINED  ALUMINUM  FLOW  CELL 


FIGURE  4 


LPHP-3  VACUUM  SYSTEM  WITH  DISMOUNTED  FLOW  CELL 
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FIGURE  6  CLOSEUPOF  NOZZLE  AND  DISMOUNTED  FLOW  CELL 


FIGURE  6  LPHP-3  VACUUM  SYSTEM  WITH  NOZZLE  AND  NOZZLE¬ 
MOUNTING  PLATE  REMOVED 


iiier«M«d  by  th«  u««  of  othor  aotorlAls  If  dotlrablo*  Tho  coll  Is  doslgnod 
CO  oporoto  oc  flow  rotos  chat  onsuro  eooploCo  ronowal  of  cho  goooous  roae-* 
eloo  olxturo  boforo  cho  noxt  lasor  hoociog  pulsa> 

SFg  end  tho  bttffoc  goo  oco  pcoaiaod  froa  eoaoorciol  eyllodors  oc  kaovn 
poxtiol  proosuros  by  coacrolllog  prooouro  ond  flow  using  eonwonclonol  toehr* 
nlquos  In  o  voeuun  nonlfold  eonnoetod  to  tho  flow  coll*  Iho  pcoosuco  Is 
roducod  from  5  psig  to  100  torr  by  on  oddttlonol  prossuro  rogulotor,  ond 
about  90X  of  tho  flow  eollod  tho  dilution  flow  la  ollowod  to  ontor  tho 
hoocad  flow  coll  dlcoctly*  About  lOX  of  tho  flow  Is  dlvoctod  boforo  tho 
prossuro  drop  to  100  torr;  of tor  soporoto  prossuro  drop  to  100  torr  ond  flow 
■ooauranont,  this  soeondory  flow  Is  eonduetod  through  o  gloss  tuba  contain** 
ing  tho  octlvo  substonco  (BMX|  ote>i  aonplo  flow)*  This  “rosorvolr”  tuba 
oxtonds  Into  tho  hoatod  flow  coll  through  an  o-rlng-soalod  Cajon  fitting* 

In  this  Mnnor,  sawll  aaounts  of  tho  octlvo •  low  vapor  proasuro  substratoo 
aro  Injactod  into  tho  naln,  or  dllutlon»  flow*  Tho  position  of  tho  Injoct- 
ing  orifleo  con  bo  adjusted  so  that  nixing  of  tho  sanplo  and  dilution  flows 
takas  plaeo  Just  In  front  of  tho  lasor-lrradlatod  region  or  sovoral  contl- 
notors  upotroan*  In  tho  fomor  caaoi  cho  substrata  In  tho  narrow  conical 
portion  of  tho  lasor-hoatod  cylinder  that  Is  expanded  Into  tho  notalo  will 
not  have  contacted  any  natal  surf ocas »  olthor  boforo  or  after  tho  lasor  pulse* 

Tho  lasor  boon  Ircadiatos  tho  reaction  nlxturo  as  closo  as  poaslblo  to 
tho  nosslo,  so  that  tho  expansion  wave  gonoratod  by  tho  loser  heating  pushos 
tho  gas  Insldo  of  tho  expanding  nosslo*  Thus,  o  few  |is  after  tho  laser  pulsoi 
tho  nlxturo  is  froson  by  tho  adiabatic  expansion,  and  radicals  fomod  In  tho 
early  process  of  doconposltlon  aro  transported,  without  undergoing  collision, 
to  cho  QHB  In  loss  than  a  as* 
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SUHM&RY 


iMsr-poiMrtd  hooogtaoua  pyrolyal*  hat  baan  tueeatafully  uaad  to  pro* 
Vida  coadlcloaa  vhara  aurfaea-aaiiaitlva  and  strongly  adsorbing  aubatratas 
can  ba  Indlraecly  haatad  by  an  Infrarad  laser  and  allovad  to  raaet  vhlla 
raaota  froa  potentially  catalytic  surfacaa.  lurtharaora,  the  usa  of  Inter¬ 
nal  taaparatura  standards  allows  the  "affactlva*  reaction  taaparatura  to  ba 
defined  such  that  accurate  Arrhanlns  parameters  for  the  hoaogenaoua  gas-phase 
decomposition  can  ba  datarmlnad*  Application  of  the  technique  to  the  dacosr 
position  of  the  aoao-|  dl-|  and  trl-nltro  bansanas  has  allowed  the  determin¬ 
ation  of  the  Arrhenius  parsmatars  for  the  raspaetlva  phanyl-li(}2  bond  scis¬ 
sion  reactions,  even  In  the  case  of  two  ortho^mathyl  substituted  nltroban- 
sanas  (ortho-nltrotoluana  and  2 •4-dlttltrobansana) •  All  pravloua  attempts  to 
datarmlna  the  homogeneous  gas-phasa  decomposition  pathways  for  thaaa  nltro- 
banianas  had  failed  apparently  bacausa  of  their  proclivity  for  surface- 
catalysed  procasses . 

The  homogenous  gas-phase  daconpoaitlon  behavior  of  the  nono-nltroban- 
sanas  has  turned  out  to  ba  less  simple  than  antlclpatadi  Iha  affect  of  an 
ortho-methyl  group  Is  sufficient  not  only  to  significantly  accalarata  the 
expected  loss  of  an  adjacent  -MO2  group,  but  also  to  open  up  a  new  rasctlon 
pathway.  Thus,  even  under  "truly"  homoganaous  gas-phase  reaction  condi¬ 
tions,  a  minor  fraction  of  the  reaction  proceeds  through  a  pathway  that  does 
not  produce  the  o-methylphanyl  radical  expected  from  phenyl-N02  bond  scis¬ 
sion.  In  general  agreement  with  these  results  are  preliminary  results 
obtained  by  Tseng  In  a  heated  single-pulse  shock  tube,  although  the  exact 
rates  and  the  fraction  of  reaction  proceeding  by  the  "abnormal"  decomposi¬ 
tion  are  somewhat  different.  We  anticipate  that  determination  of  the  fac¬ 
tors  affecting  the  amount  of  abnormal  reaction  observed  will  provide  a  valu¬ 
able  key  to  understanding  the  decomposition  pathways  In  functioning  nltro- 
aromatlc  explosives. 
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Prcllaliury  teuditi  of  trlnltrocoluoM  and  trlnltrobonaoM  oxhlbit  what 
may  ba  an  axtanalon  of  tha  bahavlor  of  ortho^nltrotoluana,  In  that  no  pro¬ 
ducts  raflactlng  Initial  phanyl-H02  bond  selsalon  could  ba  datactad,  and 
aubatantlal  amounts  of  low  molaeular  walght  gaaas  waca  obaarvad*  Thata  ara 
indications  that  this  fragmantation  of  tha  aromatic  ring  is  actually  a  homo- 
ganaoua  gas-phaaa  raaction;  howavar,  axparlmantal  vaaults  do  not  at  this 
point  allow  us  to  rula  out  formation,  from  tha  tri-nltro  aromatics,  of 
Intarmodiata  addition  compounds  having  too  low  a  vapor  prassura  to  aseapa 
from  tha  call.  Adsorption  of  thasa  matariala  on  tha  ionar  surf seas  of  tha 
KCl  windows  could  than  rasult  in  pyrolysis  of  ths  adsorbed  matarials  at  tasr 
paraturas  high  anough  to  causa  fragmantation  of  any  aromatic  ring. 

Tha  racantly  eomplatad  molacular-baaa  mass-spactromatrically  monltorad 
varsion  of  U?HP  (LPBP-3)  la  axpactad  to  ba  particularly  valuable  in  clarify¬ 
ing  this  behavior  of  tha  trl-nitroaromaties  and  other  anargatie  matarials  of 
vary- low  vapor  prassura.  Tha  eapablUt'  tract,  real- time  observation 

of  tha  initial  fragments  will  ba  highly  ntary  to  tha  OC/MS-monitorad 

LPHP-1  that  is  limited  to  analysis  of  a  sca.Mugad  product  mixture,  but  whose 
capability  to  quantitate  complex  reaction  mlxturas  with  an  axtramaly  wide 
dynamic  range  makes  it  wall-suitad  to  tha  maasuramant  of  rata  paramatars 
over  a  wide  tamparatura  range.  Wa  ara  currently  tasting  out  tha  LPEIP-3 
systami  wa  ara  also  adding  to  tha  original  pulsed  laser  heating  source  a  ew 
lasar-haatlng  capability  that  will  facilitata  separation  of  chanlcal  reac¬ 
tion  affacts  from  tha  gas-dynamic  hasting  affects  and  will  also  substanti¬ 
ally  increase  tha  duty  cycle  of  tha  systam. 

In  summary,  tha  UPHP  technique,  as  already  ambodlad  in  tha  wall-mlxad- 
raactor,  6C/MS-monltorad  varsion,  has  provided  rata  and  mechanistic  informa¬ 
tion  on  tha  homogeneous  gas-phase  decomposition  of  modsrats  molecular  walght, 
low  vapor-prassura,  surfaca-aanaitiva  nltroaromatlcs  that  was  not  previously 
available  from  other  techniques.  Use  of  tha  recently  eomplatad  lPUP-3  will 
make  Identification  of  initial  decomposition  products  more  diract  and  also 
extend  tha  capability  to  matarials  of  substantially  lower  vapor  pressures. 
Together  thasa  techniques  will  help  provide  an  information  base  of  tha 
Intrinsic  decomposition  bahavlor  of  energetic  materials  that  is  necessary 
for  understanding  tha  chemical  factors  that  control  tha  decomposition  of 
functioning  condensed- phase  energetic  materials. 
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Appendix  A 

MICHANI8M  or  DECOHP08ITI0H  OF  NITEOAKOHATICS  t 
LASER-POWERED  HOMOGENEOUS  PYROLYSIS  OF  SUBSTITUTED  HITR0BENZENE8 

by 

Alleln  C.  Gonsales,  C*  Hilllaa  Larsen, 

Donald  r.  MeKlllatt,  and  David  M.  Goldan 


The  Journal  of  Phyaieal  Chaaiatry,  1989,  4809 
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Mcehanltin  of  DoeompooHloii  of  Nttrooromotieo.  Laior-Poworod  Homegonoouo 
Pyrolyoio  of  Subolilulod  Nftrobontonoo 


AHda  C.  GMuaki,^  C.  WUMui  Luaatt,*  DomM  R  McMUku,*  ui  DavM  M.  GoMm 

Dtpartnuiu  of  Chtmical  Klmiits,  Chtmieai  Physics  Labotatory,  SRI  Intinuilonal, 

Undo  Park,  Caltfomla  94025  (RteHvadi  Dtesmbtr  26, 1984} 


Uiw*powmd  honotMMMi  pyndyik  (LPHn  iuM  bM  UMl  tt>  study  tka  |i»*pkua  UiwiMl  dMompoittioii  of  nitrotenniM 
(NB).  M^lfokwaMM  (m-DNB),  p-nltrotolMM  (^NT).  0>nitralolMM  (0>ND,  and  2,4idiiiilroUiltttM  (3.4>DNT)  undar 
flooditiaM  wtMia  wrfaea^atalyaid  laaetkiti  ata  pradudad.  Tha  Airhsaius  paramatan  hava  baan  daurminad  by  aomparativa 
rau  maasuiamaati  ralaUva  to  oydohaiiaaa  daoompodtioa  aad  tha  raaotioa  naaehaiiisms  hava  baaa  asUMtekad.  la  all  eaaaa, 
tha  rato'llaaiting  slap  Is  tha  honalyiis  of  tha  Ar-NOi  bond.  Tha  nsasurad  Anhsnius  paramatois  for  hooMlytia  ranis  hom 
hv  id  ■  14.3  M  ld.4  aad  S.  ftom  67.0  to  70.0  koal/mol.  Tha  C-NOj  bond  dlsaodatlM  snar|ias  (keal/mol)  and  vtluas 
of  lo|  fc  (s"')  for  NB.  m-DNB,  »NT,  o-NT,  and  2,4-DNT  hava  baan  darivod  from  thaaa  raaults  and  ara  u  followi;  71.4 
*  2.0,  (13.3  *  0.3)  -  (61.2  *  1.7)/13it7)  73.2  *  2.4.  (14.3  A  0.3)  -  (70.0  A  2.1)/3.3itr,  71.4  A  2.3,  (14.9  k  0.3)  -  (68.2 
k  2.0)/2.3i(r,  70.2  k  2.3,  (16.4  k  0.6)  -  (67.0  k  2.2)/2.3Br,  70.6  k  2.0,  (13.3  k  0.4)  -  (67.4  k  l.7)/2.3itr. 


taSradwOan 

Tha  thormal  daeompoaition  of  aromatio  aitrooompoiinds  has 
raeoivad  oonsidanbla  attantlon  (kom  ehamlstt  ovar  tha  last  30 
yaats,  hot  tha  raporlad' Arrhanius  paramatan  eovar  a  wida  rania 
and  tha  prodiiflts  of  tha  initial  Stan  ara  assamtally  unknown.  It 
is  wail-known^  that  tha  tharmal  daoompooition  of  nitrohannna 
in  a  Ni  oarriar  straam  raaults  In  btphanyl  and  otto  products 
tneaabia  to  initial  hood  aoMon  to  form  phanyl  radioal  aad  NO}, 
but  o-nitmotusna  rands  undar  thssa  sanw  oonditiaos  by  a  diffitrsot 
pathway.*  In  tha  lattaroaaa,  tha  prineipalpfadud  has  baan  shown 
to  bo  anilina,  rasultini  from  tha  Initial  formation  of  antbmailie 
add.*  Similarly,  the  pnsanoa  of  an  k<maihyl. -amino,  or -hydboRy 
substituant  has  baan  raportad^  to  causa  a  shift  in  tha  Arrhanius 
paranMiors  for  gas-phasa  daeompoaition  from  thoss  aapactad  for 
tbarmolysis  of  an  approximataly  70  keal/mol  bond  to  valuas 
suggastlva  of  a  oom^ax  intramoiaeular  proems: 

NOa  ■  +  NOi  (I) 

las  S4<t'')>(tr.o-aa.o)/z.so3kr 


log  S,li"')*(l2.4-4f,9l/2.303^r 

Although  various  six-mambarad  transition  lUtm  loading  to  tha 
intramoitmlar  radox  raaotion  shown  in  reaction  2  ara  gaoma- 
tricaily  quits  plauaibla,  none  of  tham  appear  to  load  directly  to 
sufflciantly  stable  produbu  to  bo  associated  with  the  obsarv^ 
activation  energy:  OH  slimination  has  baan  sungssted^  as  tha  flrst 
step,  but  this  reaction  u  written  Is  mtimatadMo  bo  10  keal/mol 
andothormic,  and  tharaforo  could  not  give  rise  to  an  activation 
energy  In  the  range  of  40  koal/mol.  On  tha  otto  hand,  the  sUbte 
products  observed  in  reaction  2  requiro  substantial  movement  of 
at  least  four  atoms,  a  kind  of  rearrangement  that  is  difnoult  to 
Imagino  taking  plaos  in  a  single  elementary  slap  in  the  gu  phase. 
These  rmults  lead  us  to  suggmt  that  the  complex  reactions  in¬ 
dicated  by  the  reaction  produett  and  the  unexpectedly  low  Ar¬ 
rhenius  parameten  were  due  to  lurface-calalyzed  reactions, 
notwithstanding  efforts  made  to  avoid  them.  This  would  be 
consistent  with  various  condensed-phase  TNT  studies  that  have 

’VUitina  SeiMtilt  M  leave  from  CodmJo  Nacional  d«  lnv«U|acion« 
Clmtifku  d«  Is  Rtpubllce  Aramtina. 

'Cumntly  it  lloekit  PrepelWM  Ubemtory,  EdwinU  Air  FCroi  Bm,  CA. 


suggmtad  through  spaetroaoopio  ohaervations*  or  iaoiopa  affaeu* 
that  the  Initial  raactloB(s)  do  Involve  the  (^mathyl  group. 

Preliminary  axparimantt  in  which  very  low-praasure  n^y*i* 
(VLPP)  was  uaad  to  study  tha  dacompcaito  of  2,4-dinitrotoluana 
also  pnvida  mim  ccnaislant  with  a  low  ,4  fhetor  and  low  activation 
anargy  procam  (log  ki  (3,4-DNT)  (s*‘)  ■  (12.1  -  43.9)/2.3Xr), 
and  net  indicative  of  tharmoinis  of  tha  Ar-NO}  bond.'  Sines 
in  VLPP  all  substrata  haailag  is  by  contact  with  tha  raaetor  wails, 
surfaoa-catalyaad  raaetiens  can  dominau  in  aubatratm  that  ara 
ptoostothsm.  Thsnfoia,  various  eeatings  wan  uasd  on  tha  VLPP 
raaetor  in  attanipia  to  sllmiaata  such  raoMions,  but  ultifflataly  what 
appealed  to  be  a  surfaewoatalyaod  reaction  could  not  bo  elimi¬ 
nated.  Thus  thaaa  raaults  weieconiiitsat  with,  but  did  not  prove, 
cur  apaculatioo  that  tha  low  Arrhanius  paramatars  prtviousiy 
rapoftad  wore  due  to  surface  raaotioiis. 

Wa  have  developed  a  pulsod-laser  taohniqua  in  which  a  CO} 
laser  b  used  to  Indirectly  bsat  tha  substrata  via  an  abaorbing  but 
unrsactive  gaa  (a.g.,  SF().  During  aad  after  tha  laser  heating  of 
the  SF|,  rapid  vibrational-to-vibratlonal  energy  transfer  occurs 
batwaon  SF|  and  tha  bath  aad  sample  molaeulm.  Under  thaaa 
conditions,  than  b  no  surface  component  to  the  reactions,  since 
tha  wall  ramains  cold  relative  to  the  reaction  temparatura.  After 


(1)  (a)  Dseens,  J.  C;  Adolph,  H.  0.;  Kasaht,  M.  J.  J,  Phys.  Chm.  1979, 
T4,  m3,  (b)  to  (br  osaa^  Makkeev,  Y.  Y.  Russ.  /.  Pkys.  Chm.  1971, 
4f,  990.  D jkwitaUi  otalAW.  1961,  SS,  141.  (e)  hialrminn.  J.  W.;  Wilhm, 
J.  J.;  MoOuIro,  R.  P.  ThmmtklM,  Act*  1977,  /9, 1 1 1 . 

^(2)  Hand,  C.  W.i  MarritI,  Jr.,  C.;  DIKstro.  C.  /.  Of.  Chem.  1977, 4i, 

(i)  (a)  PWda,  E.  K.;  Mtywion,  S.  THnMcoH  Lett  1946. 10, 1  JOl.  (b) 
PtaMi,  B.  K.;  Moyonoe,  S.  A*>.  Prct-lUAIeml  Chem.  ITM,  S,  lOI. 

(4)  (a)  Matvoev,  V.  0.;  DuMkhlo,  V.  V.;  Nula,  O.  M.  /«i.  KUm,  Pit. 
Chvmn^eck*,  USSR  1979, 4, 713.  (b)  Matvesv,  V.  Q.;  Dabikhln,  V.  V.; 
NaslB,  O.  M.  /lead.  Set,,  USSR  Mull.,  Us.  Cham.  Set.  1979,  J,  474  and 
ftffrtiKMi  dctd  ttetiBi 

(3)  (a)  Rmaon,  S.  W.  ‘Tharmealwnlstry  and  Chamieal  XlnaiiM’.  2nd  ad.: 
Wllay:  Ntw  York,  1974.  (b)  MeMUIan,  D.  F.;  Ooldan,  D.  M.  Amtu.  Rsv. 
Phys,  Chem.  1991 JJ.  493-332.  (a)  Ban,  L.;  RoWnaon,  Q.  N.  In  *Chamiatry 
of  PUadJoaal  Oroupa  -  SappttaMM  P*:  Fatal,  S„  Ed.;  Wllay;  ChiebMiar,  UK, 
I9ll;p  Rt033. 

-  (?)  t“/-!  Tumor,  A.  Q,;  Carpar,  W.  R,;  Wllkai,  J.  S.;  Doray, 

R.  C.;  PH|b.  H.  L.;  Sito>thalar,  K.  B.  ISlit  Natltol  Maatini  of  tha  Am- 
ailoaa  Cbamkel  Sookty,  Atlanta,  Oa,  Maroh-Aprll  1981;  Amarkan  Chamkal 
Soolsty^aihinttan,  DC,  1981.  (b)  Skanna,  J.;  Owana.  F.  J.  CSaai,  Myi, 
fall.  1979, 61,  210.  Owana,  F.  J,;  Sharma,  J.  J.  Appl.  Pkys  1980,  SI,  1494. 
(e)  Elavia,  L.  F.;  Tumor,  A.  O.  tm.  J.  Quanium  Cktm.  1993, 17,  193.  (d) 
Tumor,  A.  O.;  DavU,  L.  F.  J.  Am.  Chem.  Soe.  1984,  106,  3447.  («)  Davii, 
L  F.:  Tumor,  A.  0.;  Carpar.  W.  R.;  Wlllcas,  J.  S.;  Doray.  R.  C.;  Fuah.  H. 
L.;  Slaaanthaler,  K.  R.  *Thamioohainieal  DacompoaUion  of  TNT:  Radical 
Idantlflcation  aad  Tbaoratloal  Sludlaa*;  Frank  1.  Sailor  Reaaarch  Uboratory, 
Frojaot  Raport  FJSRL  7  R-S1-0002,  April  1981. 

(7)  Shackalford,  S.  A.;  Beckman,  J,  W.;  Wllkea,  J.  S.  J.  Org.  Ckcm.  1977, 
41  4201. 
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a  Mifneimt  aumbar  of  thaaa  ooUiatooi,  tbannal  aquilibriuitt  ia 
atuinad,  and  obatrvod  raaetkm  ratio  riflwt  tharmal  Anhoalus 
paramour*.  IR  fluomooiw*  maaiuramoaU  ihow  that  tho  antira 
mixtur*  t*  brought  to  tamparaturo  ia  lau  thaa  3  lU  aad  that  tha 
raaotioa  tima  bafora  oooliai  by  aa  axpanaioa  wave  i«  about  10 
M*.  far  thortar  thaa  tha  auUbao^  tim*  *0010  for  diffuaioD  to  tha 
wall*.  Thahaatadflow*y*tamwehav*inoorporatad*maka*Uiio 
tachniqua  tuiuMa  for  ttudyiag  aubitrata*  (Uka  tha  aitroaiamatio*) 
with  vary  low  vapor  proMura  at  room  tamparatura.  Thitanabia* 
u*  to  atudy  the  daeompotitioa  of  IM  altroaromatic*  uadar  mb* 
ditioai  where  tha  rata*  and  prodwu  of  the  ialtial  *up  can  ba 
mauurad,  and  whara  a  clear  diatinotion  can  ba  auda  between 
homogenaou*  ga**phaie  proceaici  aad  thoH  proceaaa*  aided  by 
aaaociatlon  with  lurfaca*  or  condeniad  phaia*. 

Experiaiautal  Sactiou 

Figure  I  ihowt  a  ichainatic  cf  tha  LPHP  flow  lyatem,  which 
ii  daicribad  in  deuil  elaewhare.*  A  (low  flow  of  SF*  (infrarad 
abtorber),  CO]  (inert  collider  s  tamparatura  eUndard  (cyclo- 
hexene),  radical  ecavanger  (o-fluorotoluena  cr  cydopantane),  and 
(ubetraU  war*  pawed  through  tha  reaction  call,  through  a  heated 
gu  chromatographic  umpl^ug  valve,  through  a  needle  valve,  and 
into  a  vacuum  pump.  The  tlow  line  and  the  reactor  ware  heated 
to  100  *C,  to  avoid  oondenution  problam*.  Flow  wu  maiiiuinod 
■t  the  deairad  level  by  aJi  .  Jting  tha  flrat  needle  valve  and  tout 
preaniro  wu  mainUined  at  1 10  torr  by  adjuiting  tha  laoond  needle 
valve.  A  imall  portion  of  the  reaction  cell  (typically  2-S%)  wa* 
irradiated  with  the  P20  line  ■  10.6  um  of  a  Lumonic*  K103  COj 
laier  (duration  ■  I  ta,  liucnoe  ■  1 3/m*)  at  a  oomunt  repetition 
rate  (0.2  Hz)  until  a  "vw  lUady  (UU  of  producU  and  undecom- 
poaed  subetrate  wa.,  uitainad  a*  ihown  achematically  in  Figure 
2.  The  cell  i.Ko:poratei  KCI  windowi  to  trantmit  the  IR  ra¬ 
diation,  a  1 .2  01.'^  laer  aperture  to  define  the  heated  volume,  and 
a  rur  refle^ina  mirror  to  mainuin  axial  temperature  homogeneity 
under  condu  on*  where  as  much  a*  20%  of  the  laur  radiation  i* 
abtorbed  i.o  a  tingle  put.  The  ruction  temperature  wu  controlled 
by  vai<  •  I  the  IR  radiation  energy  and  the  SF*  content  of  the 
gR«  inuture.  The  flow  time  and  irradiation  frequency  provide 
.  watt  20  later  ihott  during  the  average  flow  lifetime  of  a  tub- 
:rate  molecule  in  the  cell  and  ensure  complete  gu  mixing  betwwn 
ihott. 

When  the  system  ruches  the  ‘study-itate*  with  the  laur  being 
reputedly  pulsed,  the  decrease  in  average  concentration  of  sub- 

(9)  McMilIcn.  D.  F.;  Lewis,  K.  E.;  Smith,  G.  P.;  Golden.  D.  M.  J.  Phyt. 
Chtm.  IM3.  $«,  709. 
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Mgan  3.  Sobematie  rapraaeniadon  of  a  ipatially  averagad  tubitrat* 
CMMantration  u  a  fluwtioo  of  time. 

strate  A  during  any  tingle  laur  pulu  equala  the  repleniihment 
(by  flow)  of  A  bofon  the  next  laser  puUe  and  ruulu  in  the 
uwtooth  boriiontal  line  shown  in  Figure  2.  Under  theu  con¬ 
dition,  meuuremenu  of  the  average  fractional  decompoiition 
lead  to  tha  rate  content  for  subatrate  decompoiition  via  eq  I 

where  k  is  the  flrst-order  rate  content  describing  disappurance 
of  A,  r,  is  the  reaction  tima  (10  m*)  following  rach  laser  pulse, 
T|  is  the  time  between  laur  puliu  (4 1),  is  the  flow  lifetime  in 
the  ruction  cell  (typiully  200 1),  Vj  and  are  the  total  and 
laur-huted  cell  volumu,  and  At  and  A„  are  the  laier-uff  and 
laur-on  study-state  substrate  concentration,  rupectively.* 
The  need  to  meuure  explicitly  the  temperature  cornponding 
to  any  particular  muiurement  of  k  it  eliminated  by  concurrent 
determination  of  the  fractional  decomposition  of  a  temperature 
standard,  a  second  substrate  whou  decomposition  rate  temperature 
dependence  ia  alrudy  well-known,  and  therefore  whose  fraction 
decomposition  defines  an  “effective"  temperature.’ 

log  /t,r,  - 

log  .4,  +  I  I  -  log  T,  -  ~  log  -^2  +  ^  log  *2*'r  (II) 
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ngwrol  BffMtcftMvta|troo2,4-dialtraloltt«MOMaiBpo(llioaMlt. 


Aooordini  to  oq  11,  t  plot  of  lof  ilC|  vt.  log  A]  |ivoi  a  Mraiglit  lino 
of  loi  iki  -  ilo^  £i/£}  and  intanapt  of 

lo|  ^,  +  tl  -  (£,/£,)]  log  r,  -  (£,/£J  log  At 

Inapaotion  of  aq  II  ravoala  that  unoartalntlM  In  foaotian  tiiMi  will 
oauM  no  arror  in  tba  liopo  of  tht  oomparativa  rata  plot  (tha 
maaiurad  activation  onorgy)  and  that  tha  arrar  in  tha  intar^ 
{A  factor)  will  ba  givaa  by  (1  -  (£(/£a)l  log  (r,Wr,*).  When 
£i  and  £]  arc  ant  gnatly  diffiinnt.  iMi  error  wUI  ba  taaigBifloani 
For  exampla,  whan  £|/£i  ■  0.9,  avon  a  tenfold  arror  In  r,^  win 
racultinanarrarlnlagidaiMO^oiiiy0.1  loguidta.  TUablnacoord 
with  tha  arror  analyaaa  for  tha  oomparativa  rata  tachniqua  u 
appUad  to  tha  alngla>pulaa  ihoek  tuba.*''* 

na  oomparativa  rata  taohniquo  ia  limilarly  aooommodatlng 
with  raapoot  to  variationa  of  tamparatura  with  lima  and  anaca 
within  tba  laiar<baatad  volume.  Under  tha  cooditiona  daaerlbcd 
above,  and  whan  tha  aotivation  anargy  of  tha  aundard  fa  within 
'w5  kcal/mol  of  tha  unknown,  and  whan  tha  fractional  daoom* 
poaitlon  of  both  unknown  and  atandard  arc  maintained  balow 
">>20%  par  abet  in  tha  l•aa^baalad  voluma,  error  anaiyiot*'"  and 
taaia  with  “dummy”  unknowna  have  ahown*  that  the  lyatamatlo 
arror  la  laaa  than  ~  1  kcal/mol,  irraapoctiva  of  tha  range  of  the 
tamparatura  variationa.  In  other  worda,  for  auitably  nutchad 
unknown  and  tamparatura  aundard,  tamparatura  variationa  will 
ba  traokad  vary  limilarly  by  tha  unknown  and  tba  aUndard.  In 
tha  limit  of  exact  Anhmiua  paramatar  mateh,  of  oouraa,  thare 
will  ba  no  lyitamatio  arror. 

Cyclohaxona  wu  ohoaan  u  tha  tamparatura  aundard  baoauia 
of  iu  vary  well-known  kinetic  paramatari,  tha  lUbio  produoU  it 
forma,  and  alao  bacauio  ita  activation  energy  wu  cIom  to  the 
axpoctad  activation  anergim  for  tha  nitrooompounda. 

cydohauna  -•  athyiena  +  buudiena 
log  k  (a-')  -  (tS.IJ  -  66.6)/2.3£r 

In  all  tha  axparimenu  the  productt  have  bean  idantifiad  by  uing 
a  OC  equipped  with  a  maia-aelectlva  detector  (Hewlett  Packard 
5880  A  and  5970  A)  and  the  average  conoantrationa  of  rucunt 
and  product!  ware  mauurad  gu  chromatographically  by  uing 
a  flame  ioniution  detector. 

RaoMlIi 

For  all  of  the  nitroaromatica  itudled  here  the  principal  ruction 
pathway,  ai  will  be  aun,  involved  acluion  of  Ar-NOj  bond  to 
form,  after  radiul  icavenging,  the  corrmponding  Ar-H.  Initial 
exparimenta,  conducted  without  a  radial  lavenger,  ahowed  leveral 
leoondary  producta  in  amall  amounta,  ao  that  the  uae  of  a  aavenger 
to  ruct  with  the  radicala  formed  in  the  flrat  atep  waa  neceaaary. 

(10)  (1)  Tiani,  W.  J.  Oum.  fhyt.  tN4,  aO,  117).  (b)  Tun|,  W. ).  IM. 
IM4,  4!,  2417.  (e)  Tun|,  W.  J.  J.  Phyt.  Oum.  in,  76,  143.  (d)  Tuna, 
W.  J.  IM.  IM7,  46,  2117. 

(I  I)  Dei,  H.-L.i  SptchL  E.i  Berman,  M.  R.;  Moore,  C.  B.  J.  Chtm.  Phyi. 

IN2,  77,  4444. 
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FIgm  4,  LPHP  eompaiative  rau  plot  tot  ArNO]  daeompeeltlon. 


TAJUJthJLnVMt^/ 

MmduPanu 

iSira  af  Ar-NO) 

aampd 

logi4. 

£. 

NB* 

13.2  A  0.4 

64.5  A  i.S  ' 

m-DNr 

14.3  A  0.5 

70.0  A  2.1 

p^NT* 

14.8  A  0.5 

67.1  A  2.0 

e-NT* 

15.9  A  0.5 

65.5  A  2.0 

2,4.DNT* 

NB* 

15.2  A  0.4 

67.0  A  1.5 

15.2  A  0.4 

67.2  A  1,5 

“Rata  panmatari  for  total  rate  of  Ar-NO;,  dluppuranai  the  dif> 
tonmeo  batwan  tbeaa  veluee  end  thaa  for  bond  aela^  Miy  la  expar* 
iaulally  iaiianlfleut  (i.a.,  A  log  /I  d  0.04).  *iUu  paramataia  for 
ArH  fanuticM  only. 

To  ohooH  the  optimum  amotwt  of  aravongcr,  aavaral  ruu  wore 
made  In  tha  praianu  of  o-fluorotoluane  or  oyolopanuiio  up  to  a 
400/1  ratio  to  tba  nitrotromatic  ooncontration.  Whan  ratiu 
grutar  than  50/1  ware  uiad,  tha  lyaum  did  not  ahowinydunga 
in  tha  rancdcii  rau  or  in  tha  product  dlatribulion.  Aratiognatar 
than  100/  i  wu  uatially  uaad.  FIgun  3  ihowi  a  oomparativa  rate 
plot  for  2,4-DNT  daooaapoaitlon  wlih  o-fluorololuana  or  oyclo- 
panttna  u  tha  radical  acavangir,  ilhiitratiag  that  tha  rau  oontanta 
are  Indapendont  of  the  idantity  of  tha  icavongar. 

Although  amall  flow  variationi  and  low  fractional  deoompuition 
make  an  exact  maia  balanw  difficult  u  aaubliah,  in  only  one  caie 
did  tha  aum  of  all  datactad  products  Iwve  more  than  5-8%  of  tha 
deoompoaed  aurting  material  unaccounted  for.  This  was  for 
o-nitrotoluana,  where  tha  nuu  balance  rangad  between  75  and 
80%.  Figure  3  abows  a  oomparativa  rata  plot  for  2,4-dtnitrotoluene 
that  Is  based  on  surting  material  diuppurance  and  product 
appuranca,  illustrating  the  good  mau  balanoa. 

Tha  comparative  rata  dau  plou  for  the  decomposition  of  ni> 
trobenxene  to  form  banaeno  (75-80%  yield  baaed  on  the  NB 
daoompoaad)  and  phenol  (20-25%),  and  p-nitrotoluena  to  form 
toluene  (70-95%)  and  o-  and  p-crraol,  rupaotively  (7-8%),  2,4- 
dinitrotoluana  to  form  p-nltrotoluana  and  amall  amounta  of  o- 
nitrotoluane  (8%),  and  m-dinitrobanxane  to  form  nUiobanzene 
and  amall  amounts  of  banuna  are  all  shown  in  Figure  4. 

Tha  Arrhenius  parameters  {k^)  are  obuinad  from  the  data 
in  Figure  4  by  using  the  comparative  rate  expreaaiun  shown  above 
(aq  II).  Since  under  the  praunt  conditlona  (p  ■  320-375  torr 
and  T  ■  1100-1 250  K),  tha  cyolohexenc  decomposition  is  very 
slightly  in  the  falloff  (ftaai/k.  ■  0.96-0.99),  tha  temperature 
dependence  does  not  correspond  exactly  to  the  high-pressure 
Arrhenius  parameters.  In  order  to  determine  the  temperature 
dependence  of  cyclohexene  at  this  degree  of  fallof  f,  we  performed 
a  RRKM  calculation  using  a  collision  efficiency  ot$*‘  0.1-0.09 
and  a  transition-state  model  in  which  the  motion  of  the  separating 
fragments  are  treated  as  locaoned  vibrations.  From  this  we  derived 

log  Whs  (a-')  -  (14  9  -  65.5)/2.3/f7' 

ThcH  parameters  when  coupled  to  the  slope  and  intercept  derived 
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TAIUlIt  r«piH«i1il Ni— Kw. f iMaim Irttaii W WtoB, 
mi19N^9momHnmmmhtikt'nimmi9tmolt9oAi^HOt 


darivad  U|li*pNtMm 
pawatw _ 

oompd  lo|  A,  St  k/k.  Ic|  A,  B„ 

NB  15.2*0.4  47.2  *  1.5  O.M  15.5*0.5  40.2  *1.7 

1,5-DNB  14.5  *  0.5  70.0  *  2.1  (I)  14.5  *0.5  70.0*  2.1 

^NT  14.1*0.5  47.1  *2.0  0.M  14.9*0.5  41.2*2.0 
«>NT  15.9  *  0.5  45.5  *  2.0  0.75  14.4  *  0.4  47.0  *  2.2 

2,4-DNT  15.2  *  0.4  47.0*  1.5  0.94  15.3  *  0.4  47.4*  1.7 

from  Um  roktivo  rat*  data  piet  jiv*  lu  tha  £«  and  tha  <4  for  th* 
nitroaromatki  •ummariiao  in  Tabla  I. 

Toobteia  tha  hljlHprwiufO  paramatan,  Uw  axparimaoul 
wara  flttad  via  an  RRKM  ealeuiatioA  uaing  a  imifM  Ooria 
modai  for  tha  tramition  auu'*  and  iitaratiira  vibratkoal  aa* 
lignmanta  for  nitrobaaaaaa.'*  In  thia  modai  tha  modea  of  tha 
tranaitka  ttata  art  takon  aa  tha  vibratiaB  and  Nilatloaa  of  tha  NO} 
and  phanyl  fragmanu.  Tha  axtamal  rolatioa  about  tha  NOrPh 
axia  ia  takon  u  aotiva,  and  tha  othor  two  axtamal  roudou  ara 
takan  aa  adiabatio  in  tha  moiaeula.  Tha  intamal  rotation  about 
tha  NOx-Ph  axia  ia  fraa  in  tha  tranaition  auta,  and  tha  othar 
inumai  roiationa  of  tha  phaavi  and  NO}  (h^maata  ara  takan  aa 
“reatriotad”  fraa  rotation  at  tha  Ph-NO}  diatiuioa  of  tha  oritiooi 
oonnguration.  Tha  dagrM  of  raatrietion  ia  aooountad  fbr  1^  tha 
hindranoa  paramatar'*  whkh  rangad  from  0.9  to  0.93,  whioh 
daoraaaa  tha  antropy  of  tha  intamal  rotation  by  dacraaaing  tha 
cffaotiva  momani  of  inartia  of  tha  rotor.  A  taui{Miraturo>indo> 
pendant  valuo  0. 1  wuflboaaa  for  tha  ooiliaionofneianeyd*  Tha 

raauita  ara  praaantad  in  Tabiaa  II  and  III  (virtually  idMtioal 
high'praaaura  Arrhaniua  paramatan  wara  obttdnad  by  fitting  tha 
data  with  a  vibrational  traniition>itata  modal).  Tha  ohangm  in 
tha  nitrobonaana  paramatan  that  raiuitad  ttm  inerMiing  fi  to 
0.15  wara  nagligibia,  mainly  baoauaa  tha  ayatam  it  vary  eloaa  to 
the  hlgh'praHura  limit. 

For  aaoh  oompound,  wo  found  tha  high>prtitnra  paramotan 
that  boat  raproduood  our  axparimantal  rata  oonatantt  in  tha  fol* 
lowing  way:  wa  arbitrarily  choao  mu  of  /d  faotora  ranglag  from 
our  A  axparimantal  to  log  A  ■  17.0  at  0.S  log  unit  inoramantt, 
(tha  high'prauura  A  factor  waa  aotually  not  oontunt,  but  wat 
allowad  to  daoraaaa  by  log  .4  ■  0.1  from  llOOto  UdOKinordar 
to  match  axparimantal  curvaturo  in  log  k  vt.  T.  Thk  oormpondi 
to  a  slightly  temparaturaslopandant  value  of  tha  hindranoa  pa^ 
rameter.'^  Wa  than  adjuatad  £,  to  fit  our  axparimantal  rata 
oomunt  at  1 100  and  1250  K  exactly.  Unlaaa  tha  exactly  correct 
A  faoton  ware  by  ohanca  among  thoaa  choian  initially,  thk  re* 
quired  ilightly  diffarant  valuai  of  £,  at  1 100  and  1230  K  for  aaoh 
A  factor.  Tha  bmt  in  tha  initialiy  Mieotad  mt  of  log  .4  values  wu 
that  whioh  allowed  tha  axparimanul  to  ba  fit  exactly  with 
a  minimum  differanca  in  E,  at  1 100  ano  1230  K.  We  made  tha 
final  adjuatmant  by  taking  an  E,  that  is  a  waightad  average  of 
the  of  values  bracketing  the  correct  Jf,  (i.e.,  the  "minimum 
diffaraiice"  E,  set),  and  with  it  obtained  tha  high>preuura  pa- 
rametara  that  exactly  reproduce  the  axparimanul  nt  T. 

The  question  of  the  uniquanau  of  tha  rata  paramatan  and  the 
sensitivity  of  tha  fit  Is  addraasad  by  the  Arrhenius  plot  in  Figure 
3.  The  solid  line  is  a  plot  of  and  also  represents 

almost  exactly  the  RRKM  calculated  values  obuinad  for  log 
Am  ■  13.3  (15.4  at  1250  K  and  £.  *  48.3.  For  comparison,  tha 
dashed  values  were  calculated  for  log  /4«  ■  16.2  (16.1  at  1230 
K).  The  upper  solid  line  represents  k.  for  the  fitted  parameters, 
illustrating  the  extent  of  falloff  observed  under  these  conditions. 

Tha  above  results  provide  convincing  evidence  that  the  ho¬ 
mogeneous  gas-phase  thermal  decomposition  of  the  aromatic 
nitrocompounds  in  the  presence  of  radical  scavenger  SH  proceeds 
by  initial  homolysis  of  the  C-NO2  bond,  the  weakest  in  each  of 
the  respective  substrates,  and  that  the  complex  intramolecular  steps 


(12)  Smith,  G  P.;  Golden.  D.  M.  Im.  J.  Chtm.  Klittt.  1971.  10,  419. 

( 1 3)  Grssn.  J.  H.  S.;  Hsrriion.  D.  J.  Sptctroihlm.  Acia,  fail  A  Ifn,  24.4, 
1923. 
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Plgiiit  I,  trap  rata  oonitanti  and  RRKM  fittings  for  nitrobenisne. 


ngare  *  Btfaet  of  NOj  addition  on  nltrobeniana  daeomposition. 


auggaated  In  ths  literature  do  not  Uke  place  as  homogenaoui 
gu-phato  reaetiona: 

ArNO]  sa  Ar- *  NO,  (1) 

Ar.  +  SH  —  ArH -h  S-  (IS) 

In  order  to  detormino  whether  reaction  I  ia  revcriible  (-1)  under 
the  LPHP  eonditiona,  and  to  datormine  whothtr  the  obaarvod 
phenol  and  crceol  fomiation  reault  from  raoombination  of  the  NO, 
at  the  oxygtn  (-!')  followed  by  reaotioni  4  and  5  or  by  an  In¬ 
tramolecular  rearrangement  reaction  3,  the  decompoaition  of 
nitrobenzene  wai  studied  in  the  presence  of  added  NO], 


Ar-  +  NO,  -*  Ar-ONO 

(-!') 

ArNO,  ArONO 

(3) 

ArONO  ArO-  -h  NO 

(4) 

ArO-  +  SH  -»  ArOH  +  S- 

(3) 

Addition  of  NO;  at  ratios  up  to  30/1  NO,/NB  did  not  affect 
either  the  product  distribution  or  the  rate  parameters,  as  is  shown 
in  Figure  6.  It  is  clear,  therefore,  that  under  the  conditions  of 
these  experiments  no  Ar*  returns  either  to  ArNO,  (-1)  or  to 
ArONO  (-!'),  and  all  observed  phenol  formation  must  be  the 
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TABUni!  Wib-Fritiafi  Aivkiala  Far 

asHtan  fw  Ar-NO]  Hamatyaia  aa  Oariva  BOB  VahtM  M 

1  MaAcbI  KscmiMm 

In  FarataalMrt 

eompd 

log  A,  a*' 

E„  kal/mol 

BDB,* 

kaal/mol 

AS/.* 

eal/(mol  *C) 

Tilsa* 

Bi/|)N* 

kal/mol 

NB 

IS.S  A0.5 

66.2  A  1.7 

71.4  A  2.0 

43.3 

1.6  A  0.3 

l.l 

1,3-ONB 

14.S  A  0.3 

70.0  A  2.1 

73.2  A  2.4 

42.3 

1.4  A  0.3 

1.1 

p-NT 

14.9  A  0.3 

61.2  A  2.0 

71.4  A  2.3 

42.S 

8.7  A  0.3 

1.1 

o-NT 

16.4  A  0.6 

67.0  A  2.2 

70.2  A  2.3 

49.6 

8.7  A  0.6 

1.1 

2.4DNT 

13.3  A  0.4 

67.4  A  1.7 

70.6  A  2.0 

42.S 

8.7  A  0.4 

1.1 

*  Al/ni*.  *  For  tbo  mIm  of  ooiulitmoy,  tho  lowor  bond  iduion  M  faoton  hovo  boon  tokon  to  imply  lowor  oronll  ontiopy  doerottw  for  dinoeiotion. 
Thii  r«ulu  in  0  eomponfolion  offoet,  mokini  oil  la|  A,  ilmiiir.  it  for  rooombinition  diocribM  in  eonoontntion  uidta. 


TAlUIVs  IfbctofSnbMMnonli 


eompd 

log  k. 
(1100  KY 

ABDE, 

kal/mol 

A  log  ft 

A(A0*),* 

kal/mol. 

NB 

1.93 

(0) 

(0) 

(0) 

m-DNB 

0.39 

+1.8 

-1.34 

■►6,7 

p-NT 

1.32 

0 

-0.61 

+3.1 

o-NT 

3.03 

-1.2 

1,10 

-3.3 

2,4-DNT 

1.91* 

-0.8* 

-0,02 

+0.1 

*Thoio  vtiuot  on  takon  from  tho  RRKM  flllini  of  tho  mooMUOd 
roto  ooniunti,  and  dlffor  iU|htly  from  tho  ‘mw*  data  plottad  in  Flturo 
4.  *(A  log  *)(2.3Jtrt,«).  'Prodietod  log  k(l tOO;  2,4-DND  •{.9i  + 
1.10  -  1.34  -  1.69.  'Fradlotod  ABDB(2,4-DND  -  1.1  -  1.2  -  •Ht.d. 

roiult  of  an  intramolecuUr  procoai  3.  Tfaia  dooa  not  imply  that 
undar  no  oondilioni  ean  phoiul  formation  rwult  from  phmyIrNO} 
roeombinatkm;  tbaaa  nadia  only  abow  that  it  doai  not  romit  undar 
LPHP  oonditiana,  wham  th«  ratioa  of  actvaniar  to  phanyl  ndkala 
and  aoavaniar  radieaU  to  phanyl  radieala  art  ao  Itrga  that  NO) 
ia  conaumad  aithar  by  abatractini  hydrogan  from  tha  aeavangar 
or  by  oxidifini  tha  aeavaniar  radieala,  but  not  by  oxididns  tha 
phanyl  radieala  (reactiona  -1'  and  4), 

Tha  high'praaaura  rata  paramatari  aaaociatod  with  raaetion  1 
are  ahown  in  Table  III.  From  thaaa  paramatara  tha  bond  diiao- 
elation  anargiaa  for  Ar-NO)  and  tha  Arrhanlua  paramatari  for 
tha  recombination  faction  at  1 100  K  have  ban  aloulatod,  aa* 
turning  an  unhindarad  Oorin  modal'*  for  tha  tranaition  atata  (im 
above),  and  are  alao  ahown  in  that  ubia.  Tha  BDE  we  have 
obtainad  for  nitrobansana  (71.4  kal/mol)  ia  in  vary  good 
agramant  with  the  value  of  71.3  kal/mol  aalootad  by  MeMlllm 
and  Ooldan.*  From  tha  BDE  valuaa  for  tha  removal  of  tha  NO] 
from  y^nltrotoluona  and  2,4^lnitrotolttana  and  their  hata  of 
formation,'*  tha  hau  of  formation  of  CH]-Ph  and  CH)-Ph-NO] 
are  determined  to  be  70.9  and  71.1  kal/md,  uaing  the  thermo¬ 
dynamic  relationahip  A/fr*]N(Ph)  ■  A/fr*]N(Ph-NO])  +  BDE- 
(Ph-NO])  -  difr*]M(NO]).  The  rata  parameteia  allotted  with 
the  faction  of  nitrobennne  forming  NO  (i.e.,  nitric  oxide)  and 
phenol  have  been  determined  u  log  k.  (a'') « (14.3  A  1.0)  -  (6S.S 
A  5)/2.3RT. 

DIacuaaion 

We  have  carefully  choten  a  let  of  nitroaromatic  compound! 
that  allowi  ua  to  determine  the  effect  of  methyl  and  NO]  lub- 
ititutlon  on  their  kinetic  behavior.  Ai  deacribed  above,  in  all  eaaei 
the  principal  initial  atep  la  Ar-NO]  bond  Kiiiion.  The  effecti 
of  the  varioui  lubatitution  on  the  rate  of  thii  atep  are  compared 
in  Table  IV.  Theie  effecti  are  clarly  quita  lelf-Gonaiitent  and 
appar  to  be  additive.  Thii  an  be  men  by  aumming  the  obiarved 
log  k  valuei  for  the  NB  and  m-DNB,  and  NB  and  o-NT,  to  predict 
the  log  k  value  for  the  ArNOj  which  hai  both  a  m-NO]  and  an 
o-methyl  lubitituent.  The  agrament  betwwn  the  predicted  and 
matured  valuea  ia  eiientiilly  exact.  Similarly,  the  rate  conatanu 
reported  here  for  NB  (forming  benzene  and  phenol)  are  in  very 
good  agreement  with  thoie  reantly  meuured  by  Tiang  in  a  hated 
iingle-pulse  ahock  tube,"  log  k  (r')  ■  (15.4  -  66.0)/2.3f!r. 

Fur  o-NT,  on  the  other  hand,  preliminary  raulta  of  Tiang  are 
In  some  disagreement  with  thae  presented  here.  Although  the 


(14)  Lenchliz.  C.:  Velicky.  R.  W.i  SIkvttiro,  0.;  Schlaib«r|.  L.  P.  J.  Ctum 
Thermodyn,  I*V1.  },  619. 

(15)  Tuna,  W.,  privuie  communicstion. 


ahaolute  rata  of  o>NT  deoompoaition  an  verv  limilar,  the  yield 
of  tdueM  la  the  bated  ahoek  tuba  ia  apparmtly  aubatantially  laa 
than  the  70-73%  obaerved  in  the  LPHP  ayitam,  and  no  other 
produeta  are  detected  by  tha  OC.  Tata  by  Tung  to  determine 
whether  the  thortage  of  gaa-phaa  product!  tefloM  a  difforana 
in  the  initial  o-NT  deoompoaition  reaotlon  or  a  diffarena  In  the 
aaveaging  of  tha  initially  formed  radial  have  not  yet  provided 
a  ooneluaive  anawor,  but  a  good  maa  balanoe  of  the  apeoted 
productt  la  obaeivad  with  p-NT. 

Tho  idontiflatien  of  the  toluene  we  report  in  70-73%  yield  ia 
artain:  the  retention  time  la  ooinoident  with  (i.e.,  varim  0.003 
min  from)  that  of  authantio  toiuana  ipikad  into  the  product 
mixture,  and  tho  mam  apoetrum  of  that  OC  pak  oonfirma  it  u 
toluone.  Cyelohexatrianaia  a  poaaibio  product,  particularly  aina 
BSR  itudia  have  impliated,  in  condenaad-phaa  daoompoaltion, 
fonnnikn  of  a  radkni  with  five  pntOM  having  amiivaiait  eoupiing 
to  the  radical  contar,  MKih  a  would  bo  produe^  by  raarrangament 
of  an  initial  dlnltrophonyl  radical  to  a  dlnitrotryolohatttrlanyl 
radial.  In  the  pca^t  work,  oyolohexatriene  la  ruled  out  by  a 
retention  tlma  difltiraaM  of  0.33  min,  evn  though  u  an  laomor 
of  teiuane  it  ia  mau  apeetromotrially  almilar. 

In  additkm  to  agrament  on  abaoluta  rata,  there  ia  lome 
‘oualiutive*  agreement  betwan  our  raaulu  for  o-NT  and  thoe 
of  Taang,  in  that  our  70-73%  yield  of  toluene  ia  poorer  than  the 
90-43%  oborvad  for  all  tha  other  Ap-NO]  atudied  here,  and  we 
ware  not  able,  by  varying  pyrolyala  oondltiona  (e.g.,  laar  bam 
intenaity,  aavonger  identity,  prouure,  oto.),  to  raia  the  yield 
beyond ‘^73%  of  the  o-NT  dacompoaed.  On  the  other  hand,  with 
p-NT  and  2,4-DNT,  which  hu  toe  ume  o-methyl  relationahip 
with  one  of  ita  NO]  groupe,  our  mau  balana  wu  90%  or  bettor, 
and  there  wu  not  evn  a  hint  of  a  tendency  to  untogo  a  motion 
other  than  Ar-NO]  abaion  (or  ArOH  formation). 

In  light  of  thia  puzzling  behavior  of  o-NT,  it  nuy  be  ukOiI  to 
examine  the  obaerved  affaott  of  methyl  and  NO]  aubatitution  on 
tha  Ar-NO]  homolyala  kinetia.  The  BDE  valua  in  Table  I,  aa 
ditouaaad  above,  are  baaed  upon  the  meuured  vaiuu  for  the 
temperature  dependena,  taken  at  fam  value.  The  atated  error 
limit!  are  random  error  limit!  (one  standard  deviation),  determined 
largely  by  the  tatter  in  the  comparative  rate  plots.  The  dau 
provide  no  firm  bula  for  ohoaing  either  activation  energia  or 
absolute  rata  u  the  preferred  indiator  of  relative  BDE  valua. 
Given  random  error  limiu  and  the  well-known  tuaaptibility  of 
Arrhenius  plots  to  unforeswn  ayatamatic  errors,  the  signiflant 
pdnt  is  that  the  meuured  abaoluta  rata  reflect  aubstituent  effecu 
that  are  additive  and  thua  would  tarn  to  constitute  a  aet  of  very 
Mlf-comlatent  dau.  That  is,  the  effect  on  decompmition  rate  of 
a  m-NO]  aubs'ituant  ia  the  ume  on  going  from  NB  to  m-DNB 
u  it  it  in  going  from  o-NT  to  2,4-DNT  (Table  IV).  Beyond  the 
Mif-conaiatency  in  abaolute  rata,  there  are  aruin  trends  in  the 
data  that  auggat  the  leut-aquara  intercepts  and  tiopa  correctly 
indiate,  in  mat  ctaa,  whether  the  measured  rate  conatantt 
differenca  are  due  to  activation  energy  or  A  factor  differenca. 

Examination  of  the  rate  parameters  we  have  obtained  for  the 
nitruromatica  (Tabia  III  and  IV)  auggata  that  the  changes  in 
the  rate  conaunu  reflect  mainly  A  factor  changa.  Thus  the  high 
value  for  o-NT  pmumably  aritet  from  the  grater  decreases  in 
the  barrier  to  internal  roUtion  of  the  methyl  and  NO]  groups  and 
from  tome  relief  of  angle  strain  u  the  NO]  departs,  as  compared 
with  the  reaction  of  nitrobenzene  itself  or  with  p-NT.  The  lower 
rata  for  m-DNB  and  2,4-DNT  are  asiociated  with  slightly  higher 
BDE  valua  (and  activation  energia)  and  aubatantially  lower  A 
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fieton.  AUhottih  a  dightly  tighter  traiuition  lUte  (tower  A 
factor)  would  be  expected  with  a  ftfonger  bond,  the  large  apparent 
drop  in  the  A  factors  cannot  be  rationalized  on  that  basis  alone. 
An  observed  A  log  <4  ••  1 .0  in  going  from  NO  to  m-DNO  could 
be  easily  ascribed  to  random  erron  in  the  Arrhenius  persmeters, 
were  it  not  for  the  fact  that  this  A  factor  drop  is  almost  exactly 
duplteated  in  going  from  o-NT  to  2,4>DNT.  A  pouible  ration* 
aliiation  iies  in  the  fact  that  a  second  NO|  meu  to  the  first 
decreases  the  importance  of  C-N  double-bonded  resonance 
structures  involving  any  one  of  the  NOi  groups. 


This  *inhibitk»' will  decrease  w  one  of  the -NO]  groups  departs, 
allowing  more  contribution  of  a  C-N  double-bond  structure  for 
the  reinLning -NO]  group.  This  will  rffult  in  an  increase  in  the 
barrier  to  internal  roution  and  a  const  i.>  .  .>i4t  deoresM  in  the  A 
factor  because  of  the  lower  rotational  entropy  of  the  transiUon 
SUM.  (It  should  be  noted  that  the  lower  bood*aeiasion  A  factors 
In  Table  III,  have  been  taken  to  imply  lower  overall  entropy 
Increases  for  disaooiation.  This  reaulta  la  a  *oonpenaation*  such 
that  all  recombination  A  factors  are  similar  (i.e.,  10*  ’  A  0.2).) 

In  the  case  of  p>NT,  the  decrease  in  rats  of  decomposition  (m 
compared  to  NB)  it  suggested  by  the  Arrhenius  parameMrt  to 
bo  due  entirely  to  a  lower  A  factor.  In  contrut,  we  would  have 
expected  similar  A  factors  for  p>NT  and  NB  (since  the  methyl 
in  the  para  position  should  have  little  impact  on  relief  of  strain), 
and  we  would  have  expected  the  decrease  in  rate  with  p-mothyl 
substitution  to  result  from  a  slight  strengthening  of  the  Ar-NO] 
bond,  rstionalizablo  In  terms  of  inductive  staMliution  of  con¬ 
tributing  structures  that  contain  a  C-N  double  bond.  In  fact, 
however,  the  activation-energy-bated  BDE  for  p-NT  it  the  uirw 
u  for  <hNT  (though  a  BDE  difference  sufficient  to  cause  the 
observed  rate  differences  would  be,  at  ~3.3  beal/mol,  easily  within 
combined  standard  deviations  for  the  two  activation  energies)  and 
the  rate  difference  is  reflected  in  a  lower  A  factor. 

The  important  point  it  that  the  rate  difference  between  p-NT 
and  o-NT  (where  1. 1  the  absence  of  tteric  effects  we  would  expect 
little  electronic  effect)  amounu  to  a  difference  in  free  energy  of 
activatio:'  of  9  itcal/moi.  Thus,  even  though  our  results  demon¬ 
strate  that  phenyl-NO]  bonds  scission  remains  the  principal 
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rate-limiting  step  when  tn  o>methyl  group  is  present,  the  methyl 
group  clearly  gives  a  substantial  “push*  to  the  departing  N(3} 
group.  This  would  seem  to  be  a  situation  in  which  some  outside 
Influence  (e.g.,  contact  with  solid  surfaces  or  condensed  phases) 
could  trigger  tome  reaction  in  which  one  of  the  hydrogens  of  the 
methyl  group  “pushes"  ail  the  way  into  the  nitro  group,  ultimately 
transferring  a  hydrogen  to  the  nitrogen.  In  other  words,  the 
present  retulu  indicating  Ph-NOj  tend  sciuion  substantially 
accelerated  by  an  o-methyl  group  show  that  the  strong  methyl- 
NOi  interaction  has  not,  for  an  isolated  Ar-NO]  molecule,  yet 
reached  the  threshold  for  some  different  reaction.  However,  it 
may  be  that  the  extant  of  “outside”  interferences  necessary  to  bring 
about  such  a  change  in  o-nitrotoluenes  is  not  very  great.  The 
nearness  of  this  threshold  could  be  responsible  both  for  the  missing 
praduett  in  the  shock  tube  deooenposition'’  and  for  the  anomaloua 
behavior  of  nitrotoluenes  reported  in  the  literature.’**'*-’  The 
praaent  results,  however,  demonstrate  that  these  anomalous  effecu 
aooount,  at  most,  for  2S%  of  the  decomposition  of  nitrotoluene 
isolated  gu-phaie  molecules  at  temperatures  in  the  range  of 
90D-1000  *C,  and  that  additional  factors  mutt  be  brought  Into 
play  in  order  to  open  up  a  new  reaction  channel  that  can  compete 
with  homolysls  of  the  Ar-NOj  bond.  Having  made  this  deter¬ 
mination  for  mono-  and  dinitrotoluenes,  the  question  of  whether 
the  decomposition  of  Isolated  trinitrotoluene  moleoulee  alto  pro¬ 
ceeds  by  C-NO]  bond  scission  is  now  being  addressed  in  our 
laboratory.  Once  the  behavior  of  isolated  gat-phase  molaculw 
it  eharaetarized  also  for  trinitrotoluene,  then  the  question  of 
intennolecular  interactions  that  bear  on  the  flinctioning  and 
malfunctioning  of  these  and  similar  energetic  materials  can  be 
addressed. 

The  effects  of  methyl  and  NO]  substitution  on  phenyl-NO] 
botid  deavage  (Table  no  can  ha  summarized  in  terms  of  the  effect 
on  the  activatiw-ensrgy-bnted  BDE  values  on  the  free  energy  of 
activation.  The  latter  approximates  the  change  in  BOB  if  all  A 
factors  ware  assumed  to  be  equal;  (a)  m-NO]  substitution  in- 
ercasea  the  phenyl-NO]  BDE  by  2  kMl/moi  and  AO*  by  6.7 
kcal/mol;  (b)  p-Me  substitution  (where  ttera  is  no  steric  effect) 
does  not  show  any  effect  on  the  activation-energy-bated  phe¬ 
nyl-NO]  BDE,  but  slows  the  bond  scission  rate  by  a  factor  of  S 
(and  therefore  raises  AC*  by  3.1  kcal/mol;  (c)  for  o-Ms  sub¬ 
stitution,  any  electronic  affect  is  overwhalmsid  by  a  tteric  efi'c-t, 
resulting  in  a  net  decresie  in  BDE  of  1  kcal/mol  and  a  sub¬ 
stantially  higher  A  factor;  (d)  when  the  molecule  hu  both  m-NO] 
and  o-Me  substitution,  the  bond-strengthening  and  bond-weak¬ 
ening  effects  roughly  cancel. 
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ABSTRACT 


Th«  Mehanlra  of  tht  thormal  dteompotitlon  of  •thflBonion*  hai  boon 
•tudlod  la  th«  tMipor«tur«  rang*  of  1200^1600  K,  uaing  lasor  powtrod  hooo~ 
gonoout  pyrolyilf.  0C/M8  analysis  shews  tho  final  products  to  consist  of 
toluene,  bensene  end  small  amounts  of  styrene*  These  products  require  the 
conclusion  that  the  rate  determining  step  Is  the  homolysls  of  the  weakest 
C-C  bond  In  the  molecule,  producing  methyl  and  bensyl  radical,  even  at  tem¬ 
peratures  above  1200  K  where  recent  shock  tube  results^  had  been  used  to 
claim  Initial  C-H  bond  homolysls*  The  Initial  homolysls  Is  followed  by  the 
reactions  with  the  radical  scavenger,  end  the  only  styrene  formed  Is  that 
which  results  from  rapid  R-etoms  chain  that  result  In  turn  from  Incomplete 
scavenging  of  the  methyl  and  bensyl  redlcelst 


CH2-CH3 

t  «CH2*  +  CH3 

(1) 

«CH2’  +  8H 

^  «CH3  +  S' 

(2) 

CHj’  SH 

^  CH4  +  s* 

(3) 

CH3  +®CH2-CH3 

^  CH4  +  »CH-CH3 

(4) 

«CH-CH3 

^  9CH-CH2  +  H 

(5) 

H  4>9CH2CH3 

^  H2  +  9CH-CH3 

(6) 

INTRODUCTION 


Th«r«  art  aavaral  atudlaa  chat  hava  raportad  tha  aachaniam  and  tha 
Arrhanlui  paraaatara  for  tha  tharmal  daeompoaltlon  of  athylbanaana  batwaan 
830  and  1100  K*  Among  thaaa,  Lalgh  and  Sawarc»^  Clark  and  Prlea,^  and 
Crowna  at  al.^  uaad  toluana  carriar  mathodai  Karr  and  eoworkara^  uaad  an 
anlllna  earrlar  tachnlqua,  and  Robaugh  and  Staln^  uaad  tha  vary  loir-praa* 
aura  pyrolyala  tachnlqua.  Oaaplta  amall  diffarancaa  In  tha  rata  param- 
atara,  thara  la  ganaral  agraamant  that  tha  raaetlon  aachaniam  Involvaa,  aa 
tha  flrat  a tap  tha  braaklng  of  tha  C-C  bond  (tha  noat  tharaodynaaleally 
favorad  bond  honolyala  In  tha  molacula)  to  form  banayl  and  mathyl  radlcala 


«CH2CR3 

♦  ®CH2 

+ 

CH3 

(1) 

«CH2  +  SH 

«CH3 

+ 

s 

(2) 

CH3  SH 

CH4 

+ 

8 

(3) 

Racantly  Brouwar,  Hullar-Harkgraf  and  Troa^  hava  raportad  athylbanaana 
daeompoaltlon  In  tha  tamparatura  ranga  of  1250-1600  K  In  a  ahock  tuba. 
Baaad  on  tha  obaarvatlon  of  tha  UV  apactra  of  tha  primary  producta  aa  wall 
aa  on  tha  formation  of  atyrana  aa  tha  only  final  product,  thay  eoncluda 
that  tha  primary  daeompoaltlon  atap  muat  ba  a  C-H  bond  apllt  In  tha  athyl 


group  with  hlgh-prossur*  Arrhonlua  paraactara  of  a"^  and  81.3 

kcal/nol. 

•  C]^CH3  ♦  OCHCH3  +  H  (!') 

Slttca  C-H  bond  hoaolpaaa  In  ganaral  ara  not  eompatltlva  with  €**€  bond 
homolysaa  at  aora  nodarata  taaparaturaai  tha  rata  paraaatara  of  any  of  tha 
format  elaaa  of  raaetlona,  with  ona  raeant  axeaptlon,^  hava  not  baan 
charactarliad.  Conaaquantly ,  Brouwar  and  eoworkara  hava  takan  tha  hlghr 
tasparatura  formation  of  atyrana  an  Indicating  that  bond  aelaalon  raae* 
tlona  hava  vary  high  A-factora  along  with  thalr  high  activation  anarglaa, 
aueh  that  thay  baeoma  Important  at  vary  high  tamparaturaa,  avan  though  thay 
ara  unimportant  at  lowar  taaparaturaa.  Bacauaa  of  tha  ganaral  InpHcatlona 
of  thla  eonclualon  for  hlgh-tamparatura  raaetlona  of  hydrocarbona ,  It  la 
important  to  taat  Ita  validity  by  Indapandant  maaauramanta « 

Tha  apparantly  contradictory  raaulta  cltad  abova  cannot  ba  raeoncilad 
aaally  by  Invoking  croacovar  at  tha  hlghar  tamparatura  of  tha  ahock  tuba  to 
a  hlghar  A  factor,  hlghar  activation  energy  procaaa.  That  la,  avan  If  tha 
reaction  haa  two  accaaalble  channala,  a  complata  change  In  tha  reaction 
maehanlam  ao  chat  at  taaparaturaa  below  1200  K,  toluene  la  the  major  pro¬ 
duct,  and  at  hlghar  tamparatura,  atyrana  la  tha  only  product,  would  not  ba 
expected.  Conalatant  with  thla  axpactatlon,  Taang  haa  recently  datamlnad 
tha  producta  of  athylbenxana  dacompoaltlon  up  to  1300  K  In  a  ahock  tuba  and 
found  atyrana  ao  only  a  minor  product.^  In  order  to  fully  raaolva  remain¬ 
ing  uncertalntlas  about  competing  pathwaya  we  hava  atudlad  the  reaction  by 
a  technique  which  makea  accaaalble  tha  full  1200  to  1600  K  tamparatura 
range  uaad  In  the  ahock  Cube  work  of  Brouwer  at  al.^ 
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EXPBRXMENIAL 


Th«  taehttlqua  used  In  thli  vorki  Intnr-povnrnd-'hoaognnnous-pjrroljrsli 
(LPHP)i  !■  •  modlflettlon  of  th«  tnehnlqu*  first  dnserlbnd  by  Shnub  nnd  Bnutr^ 
in  which  «n  Infrared  laser  Is  used  to  heat  an  absorbinf  but  unraaetlvs  gast 
which  than  colllalonally  transfers  Its  energy  to  the  substrata.  The  nodlflcar 
tlen  of  the  nethod  used^^  here  incorporates  a  heated  flow  systen  and  a  pulsed 
Infrared  laser  (Luaonlcs  1C-103).  The  heated  flow  syatea  nakas  the  technique 
suitable  for  study  of  substrates  with  very  low  room  tettperature  vapor  pres** 
sure.  The  use  of  a  laser,  which  Is  repeatedly  pulsed  for  very  short  periods, 
and  the  rapid  expansion  wave**eoollttg,  which  takes  place  after  each  pulse, 
helps  to  alnlmlse  secondary  reactions.  Seheaie  1  shows  the  LPHP  flow  systou.^^ 
A  slow  flow  of  8f(  (Infrared  absorber),  CO2  (inert  collider),  cyclohexene 
(tenperatura  standard),  cyelopentane  (radical  scavenger)  and  substrata  were 
passed  through  the  reactor,  a  gas  chrosuttographle  sawpllng  valve,  a  needle 
valve  and  Into  a  vacuun  puap.  The  reactor  and  the  flow  line  were  heated  to 
313  K  to  avoid  condensation  problens.  Flow  was  nalntalned  at  the  desired 
level  by  adjusting  the  first  needle  valve,  and  total  pressure  was  naintslned 
at  110  Torr  by  adjusting  the  second  needle  valve.  A  snail  portion  of  the  cell 
was  irradiated  with  the  P20  line  10.6  |in  of  a  Lunonlcs  K->103  CO2  laser 
(duration  1  ^s)  at  a  constant  repetition  rate  (0.23  Hs)  until  e  new  steady 
state  of  product  and  undeconpoaed  substrate  was  attained  (Schene  2).  The  cell 
had  KCl  window  to  transmit  the  IR  radiation,  a  1.2  cm^  laser  aperture  to 
define  the  heated  volume  and  a  rear  reflecting  mirror  to  maintain  axial 
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tMptraturt  honogantity  whlla  abiorbing  aproxlmataly  20X  of  tha  Ineldant  laaar 
radiation  In  a  tlngla  paaa.  Tha  raaetlon  tamparatura  vaa  controllad  by 
dacraaalng  tha  IR  radiation  anargy  and  tha  SF^  contant  of  tha  gas  mixtura. 

Tha  flow  tins  and  Irradiation  fraquancy  provldad  at  laaat  20  Laaar  ahota 
during  tha  avaraga  llfatlma  of  a  substrata  moLaeula  In  tha  call  and  aasurad 
complata  gas  alxlng  batwaan  shots.  In  all  tha  axparlnanta  tha  products  hava 
baan  Idantlflad  by  using  a  GC  aqulppad  with  a  naaa  aalactlva  dataetor 
(Hawlatt-Packard  modala  3680  K  and  5970  A)  and  tha  avaraga  concantratlon  of 
raactant  and  products  wars  maaaurod  gas  ehronatographlcally  using  a  FID 
dataetor. 


Maasuramant  of  tha  tanparatura  eorraspondlng  to  any  particular  aaasura- 
mant  of  k  or  X  dacomposltlon  of  tha  athylbansana  Is  accompllshad  by  tha 
concurrant  datarmlnatlon  of  tha  fractional  daeonposltlon  of  a  tamparatura 
standard.  Cyclohaxana  was  chosan  as  a  tamparatura  standard  to  maasura  tha 
tamparatura  dapandanca  of  tha  athylbansana  dacomposltlon  baeausa  of  Its  wsll 
known  klnatlc  paramatars,  tha  atabla  products  It  forms  and  baeausa  Its 
activation  anargy  Is  elosa  to  tha  aetlvatlon  anargy  of  tha  substrata.^ 

Undar  "staady-stata,"  laaar  on  conditions  tha  dacraaaa  In  avaraga  concan** 
tratlon  of  a  substrata  A  during  any  slngla  lasar  shot  aquals  tha  raplanlahmant 
(by  flow)  of  A  bafora  tha  naxt  lasar  shot.  This  laads  to  aquation 
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where  k  la  tha  first  order  rata  constant  describing  dlsappaaranea  of  A,  Is  tha 


reaction  tlma  (10  Ua)  following  each  lasar  pulse,  ii  the  time  batwaan  lasar 


pulse  (4  a),  Is  tha  flow  llfatlma  in  the  reaction  call  (typically  200  a), 
V,^  and  ara  tha  total  and  laser  heated  call  volumas  and  Aq  and  A,^  are  tha 
lasar-off  and  lasar-on  steady  stats  concantratlon,  raspactlvaly. 


Th«  degree  of  felloff  for  eyelohexene  wee  eetlnuitsd  using  RKXM  eelcule- 
tloni  beeed  on  e  vlbretlonel  treneitlon  state  end  a  collision  affld'^^cy  of  P 
*  0.1.  This  resulted  in  Arrhenius  paraneters  under  the  LFHP  conditions  of  lo^ 
(mc”^)  •  14.3  -  61.9/BRT  (versus  log  Vw(see"^)  ■  15.15  -  66.6/BRT). 


RESULTS  AND  DISCUSSION 


The  final  products  of  the  pyrolysis  of  ethylbenssna,  without  an  added 
radical  scavenger  and  under  LPHP  conditions  that  provided  up  to  70  X  deconpo- 
sitlon  of  the  substrate,  are  toluene,  bensene,  ethylene,  styrene,  and  methane 
(Figure  1).  In  order  to  supress  the  chain  decomposition  and  determine 
whether  styrene  formation  results  from  the  following  reactions! 


CH3  +  •CH2CH3  CII4  +  «CHCH3 

«CHCH3  «CH-CH2  +  H 

H  +  •CH2CH3  H2  +  ®CHCH3 

®CH2  +  ®CH2CH3  ♦  ®CH3  +  »CHCH3 


(A) 

(5) 

(6) 
(7) 


or  from  another  set  of  reactions  (i.e.,  the  C-H  homolysls  Invoked  by  Brouwer 
et  alt),  we  ran  a  aeries  of  experiments  with  different  amounts  of  cyclopentane 
added  as  inhibitors.  Under  these  conditions,  styrene  and  the  low  molecular> 
weight  hydrocarbons  formed  by  degradation  of  the  aromatic  ring  decreased  sub¬ 
stantially  compared  with  the  above  experiments,  and  toluene  and  bensene 
Increased  to  90‘*93X  of  the  final  aromatic  products  (Figures  2  and  3).  The 
product  distributions  resulting  from  the  decomposition  of  ethylbensene  In  the 
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presenc*  of  varying  amounta  of  radical  aeavangar  at  diff  rant  tamparaturaa  art 
•ummariaad  in  Tabla  1. 

Although  styrene  appeared  as  a  final  p- uduct  only  in  very  small 
afflovtr<'vi  et:  dlf^’erant  t.»>mpMr.4tu'‘c j  when  a  aeavangar  waa  present,  the  quee* 
tion  of  its  theraal  atability  and  its  possible  raaetions  under  the  expari- 
aantal  conditions  had  to  be  addressed.  Accordingly,  styrene  deeoaposition 
was  studied  under  the  saaw  conditions  of  temperature  and  scavenger  as  had 
been  used  with  ethylbensene,  and  the  results  are  presented  in  Table  2.  We 
are  not  able  at  this  time,  bacause  of  the  many  possible  reactions  that  can 
talcs  place  at  this  high  temperature,  to  definitively  state  whether  the  sty* 
rana  decomposition  results  primarily  from  displacement  by  hydrogen  atoms  or 
by  another  mechanism.  The  experiments  with  styrene  were  performed  merely 
to  provide  a  rough  measure  of  the  extant  to  which  initially  formed  styrene 
would  be  consumed  under  ^hs  experimental  conditions  of  the  sthylbenssns 
pyrolysis.  The  amounts  of  styrene  shown  In  Tabla  1  have  been  adjusted  for 
this  consumption  in  ascondary  reactions  in  order  to  reflect  total  styrene 
production. 

Based  on  the  above  results,  we  are  forced  to  conclude  that  even  above 
12S0  K,  the  first  step  of  the  thermal  decomposition  of  othylbonsena  is  the 
breaking  of  the  weakest  C-C  bond,  to  give  bensyl-  and  methyl-  radicals 
(reaction  1).  This  la. followed  by  the  reactions  of  thass  radicals  with  the 
scavenger  (when  it  is  present)  or  with  the  substrate.  Since  in  the  pre¬ 
sence  of  a  fifty-fold  excess  of  inhibitor,  styrene  formation  is  almost 
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eoBplataly  suprctaed,  Iti  fonution  la  antlraly  coaalatant  with  tha  wall 
known  aat  of  raactlona  4~6i 


CH3  +  ®CH2CH3  ♦  C^4  +  ®CHCH3  (4) 

4GHCH3  H  ^CHCIl2  (5) 

H  •I•«CR2CH  3  ®CIICH3  H2  (6) 

«CH2  +*CH2CH3  «CH3  +  ®CHCH3  (7) 

8  +  •CH2CH3  ♦  8H  +  OCH-CH3  (8) 


Thua  our  raaulta,  In  agraaaant  with  thoaa  of  Roaal  and  eoworkarai^  do  not 
Juatlfy  tha  Invoking  of  unuaually  high  Arfaetora  for  OH  bond  aeiaaion.  Va 
find  thia  raaaauring  in  that  tha  obvioua  tranaition-atata  pietura  ia  that 
tha  antropy  of  activation  for  OR  aeiaaion  cannot  aaaily  ba  nora  poaitiva 
than  for  aeiaaion  of  larger  fragaanta* 

Tha  praaanea  of  banaana  can  ba  attributed  to  aavaral  reaetiona  in  tha 
fraaawork  of  tha  eoaplax  chaaiatry  which  occur  during  athylbanaana  daeonpo* 
aition  at  auch  high  taaparaturaa.  It  la  aoat  probably  foraad  aa  a  raault 
of  tha  H  atoB  induced  dacoapoaition  of  toluene  or  athylbanaanai  and  in  fact 
providaa  another  indicator  (In  addition  to  atyrana  formation)  that  radical 
acavanglng  ia  not  coaplata. 

Ha  aaphaalta  it  waa  not  our  purpoaa  to  datarmlna  praclaaly  tha  rata 
paramatara  of  tha  athylbanaana  pyrolyaia,  but  to  dataralna  tha  product 
ylalda  under  wall  defined  condition  batwaan  1200  to  1600  K.  Thia  maana 
that  wa  carried  out  tha  axparimanta  under  conditlona  of  vary  high  frac¬ 
tional  dacompoaitlon  that  am  not  aultad  for  accurate  datermlnatlon  of  tha 
rata  conatant  or  tha  affactlva  reaction  tanparatura.  However,  from  our 
raaulta  wa  are  able  to  make  aoma  connents  about  the  ralatlva  rata  conatants 
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for  a  C-H  and  C-C  bond  homolyiia.  In  face,  eha  data  aat  an  uppar  limit  to 
tha  ratio  of  CHI  to  C-C  bond  braaking  (k]^i/  kj^)«  If  wa  aaauma  that  all 
atyrana  coiaas  from  tha  C-R  bond  hemolysis,  and  that  at  tha  highest  levels 
of  scavenger,  tha  H  atom  produced  in  raaetion^  mare  prevented  from  propa** 
gating  a  chain,  than  tha  rata  ratio  would  be  given  by  tha  styrana/toluena 
ratio.  This  value  of  k]^t/k|^  0.06  at  1470  K)  is  an  uppar  limit  in  that 

tha  chain  length  night  be  greater  than  1,  and  in  that  eha  pool  of  allyl 
radicals  in  aquilibrius  with  biallyl  will  be  significant  at  tenparaturas  in 
tha  ISOO  K  range.  The  latter  factor  will  unavoidally  result  in  tha  produc* 
tlon  of  a  significant  amount  of  styrene  via  reactions  (8)  and  (S).  In 
fact,  an  astimata,  based  on  equilibrium  data  in  tha  literature, of 

CH2-CHCH2*  +«CH2CH3  ♦  CH2-CHC112-H  +  »CHCH3  (8) 

the  allyl  radical  concentration  in  equilibrium  with  the  biallyl  aceuaulatad 
at  SOX  ethylbansane  daeonpositlon  accounts  for  a  significant  part  of  tha 
observed  styrene  production.  This  illustrates  the  fact  that  aff active  rad¬ 
ical  scavenging  bacomaa  inherently  more  difficult  with  increasing  tsmpar- 
atura.  Since  the  scavenger  operates  by  converting  a  more  reactive  radical 
to  a  lass  reactive  radical  S*  (that  is,  a  radical  that  forms  weaker  bonds 
to  hydrogen  and  carbon),  and  since  the  terminetlon  reaction  than  becomes 
dimeriiatlon  of  tha  scavenger  radicals,  it  Is  unavoidable  that  tha  weaker 
as  an  abstractor  that  a  scavenger  radical  S*  is,  the  higher  will  be  the 
concentration  of  S'  In  equilibrium  with  the  termination  product  83 •  The 
above  estimate  of  styrene  production  initiated  by  scavenger  radicals,  if 
taken  at  face  value,  allows  us  to  decrease  the  upper  limit  of  the  C-H  to 
C-C  bond  scission  ratio  to  0.03. 


This  eonelutlon  Is  snpllflsd  and  Indleatsd  to  ba  eonsarvatlva  If  va 
usa  RKKM  thaory  to  ealeulata  tha  rata  constants  for  tha  two  channal  thamal 
dacoaposltlon  of  athylbansana*  Vhan  wa  usa  tha  known  haats  of  formation 
for  tha  radicals  and  eorraapondlng  raduetlons  In  vibrational  fraquanclas 
for  tha  conplsx  In  aach  of  tha  two  transition  statas,  wa  obtain  a  valua 
elosa  to  tha  known  rata  constant  for  tha  CH!  bond  homolysls  path  but  a  vary 
fluch  snallar  rata  constant  for  tha  C-H  bond  breaking  (mors  than  10^ In 
order  to  rsproduea  Brouwar's  raaulta  wa  had  to  asswu  not  only  a  vary  much 
looser  transition  stats  for  tha  C-H  channal,  but  also  had  to  raduca  by  10 
kcal  tha  raportad  hast  of  fomatlon  of  tha  ftCH-CR3.  For  tha  CHS  channal, 
wa  had  to  asstsaa  a  vary  tight  transition  stats  and  wa  had  to  Incraasa  by  10 
kcal  tha  known  hast  of  formation  of  tha  radical  formed  In  that  reaction 
(4^0112) •  In  other  words,  to  rsproduea  Brouwer's  raportad  observation  of 
styrene  as  the  sola  product,  wa  had  to  assuma  wholly  Ineonslsbant  transi¬ 
tion  stats  models  for  two  rather  similar  bond  scission  proeassas*  This 
Involves  a  much  looser  transition  state  for  C-H  bond  scission  than  for  C-C 
bond  scission,  and  ralstlva  BDE  values  20  kcal/mol  different  than  tha 
accepted  lltaratura  values Tha  unraasonablenass  of  these  raqulramants 
is  entirely  consistent  with  our  axparlmantal  observation  that  no  styrana  is 
produced  by  C-H  bond  homolysls. 
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Tabl«  1 

PRODUCTS  YIELDS  IN  ETHYLBENZENE  PYROLYSIS  WITHOUT  SCAVENGER^ 


+  CH4^ 

B«ni«n« 

Toluene 

Stprene 

64.4 

9.5 

25.7 

15.3 

91.8 

12.9 

31.0 

12.4 

246.3 

12.9 

17.7 

4.6 

PRODUCTS  YIELD  IN  THE  INHIBITED  REACTION* 
®ET/SH  -  1/10 


T 

Bensene 

Toluene 

Styrene 

1470 

9.4 

13.1 

2.2 

1480 

11.6 

lY.l 

2.7 

>1500 

26.0 

34.5 

12.8 

>1500 

19.1 

36.9 

15.6 

»ET/8H  - 

1/100 

1250 

1.7 

5.6 

1370 

6.2 

10.2 

0.8 

0.9 

1370 

5.9 

9.9 

0.8 

0.9 

1380 

6.9 

13.9 

0.8 

0.9 

1470 

13.0 

22.6 

1.2 

1.8 

>1500 

40.4 

25.6 

4.4 

6.7 

>1500 

42.7 

19.8 

4.1 

6.3 

>1500 

52.5 

22.8 

5.3 

9.7 

^Moler  yield  expresaed 

as  X  of  ethylbenzene 

Initial. 

^I(C^  +  C2)  formed 
decomposlClon,  the 

from  degradation  of  the  aromatic  ring.  Note  that  for  lOOZ 
sum  of  ylelda  can  be  >2002  even  without  ring  degradation. 

-^Styrene  fornation 

corrected  for  decomposition  In  secondary  reactions. 
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Tabl*  2 

PRODUCTS  YIELDS  IN  THE  INHIBITED  DECOMPOSITION  OF  STYRENE 


Styr«n«/SR  ■  I/lOO 


T 

Bensene 

Toluene 

1320 

5.1 

0.55 

1330 

3.4 

1.8 

1340 

7.0 

2.1 

>1500 

46.0 

6.5 

^Molar  yield  expressed  ee  2  of  styrene  Inltiel. 
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FIGURE  1  6C  or  Ethylmniini  mb  or  thi  Probucti  or  Ethvlmnzui 
BteCWOOtTION  MITMOUT  SCAVINUR  (SOt  RIACTION) 


FIGURE  2 


6C  or  THI  PvROLYtIt  PrODUCTI  or  EtMYLBINIINI,  CvCLOriNTANE 
AND  CyCLOHIXENI  NITH  SCAVENOEN/SuIITNATE  •  10/1  AT 
1500  iLuuiTRATiNO  SurrREiiioN  OF  Styrene  Fornation 
lY  SCAVENOER. 


